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FOREWORD 

The  work  described  In  this  report  (VoL,  I  end  II)  wee  supported  by  the 
Comnunicat ions  Division  of  the  AF  Systems  Command,  Rome  Air  Development 
Center,  Grifflss  Air  Force  Ea-e,  under  Contract  AF30( 602)  -2932. 

The  following  people  at  Sylvenia  Electronic  Systems  have  contributed 
significantly  to  the  work  reported  here. 

a)  Electrical  Investigation 

Mr.  E.  Tahan  -  Applied  Research  Laboratory 
Dr.  R.  Wundt  -  Applied  Research  Laboratory 
Mr.  D.  Meyers  -  Applied  Research  Laboratory 

b)  Survivability  Analyses 

Mr.  H.  Zeltzer  -  SES  East  -  Hardened  Antenna  Staff 
Mr.  J.  Snltkoff  -  SES  East  -  Hardened  Antenna  Staff 
Mr.  E.  Stefaniak  -  SES  East  -  Hardened  Antenna  Staff 
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ABSTRACT 

This  report  discus sea  the  result*  of  a  twelve  nonth  engineering  investiga¬ 
tion  of  Burdened  ST  and  UHF  Antennas,  sponsored  by  the  Cosouni cat ions  Division 
of  Rone  Air  Development  Center,  Air  Force  System  Co—  ml  ♦  This  engineering 
study  has  resulted  In  the  generation  of  efficient  antenna  techniques  consistent 
with  tbs  capabilities  to  withstand  the  effects  of  nuclear  weapons.  The  H? 
antenna  techniques  considered  In  this  study  are  useful  throughout  the  2-30  *c 
frequency  band;  tbs  UHF  antennas  operate  in  the  225-**GO  sc  region*  The  pro- 
gras  was  divided  into  two  phases .  Phase  I  was  a  theoretical  study  of  antenna 
techniques  which  were  investigated  with  regard  to  feasibility,  configuration 
required,  bandwidth  possibilities,  efficiency,  radiation  patterns,  hardness 
ratings,  debris  effects,  and  econoslc  analysis.  Phase  II  Involved  the  fabri¬ 
cation  and  test  of  electrical  node Is  of  the  nost  premising  designs.  This  phase 
resulted  In  design  data,  cost  and  hardness  estlmtes  for  antennas  for  the  HF 
and  UHF  bands. 
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EVALUATION 


This  contract  was  awarded  to  Syl vania  to  investigate  HF  and  UHF 
antenna  designs  capable  of  withstanding  the  effects  of  repeated  nuclear 
attacks.  The  program  provided  analysis,  electrical  test  of  models,  de¬ 
sign  data  and  cost  estimates  of  several  very  attractive  antennas.  These 
antennas  represent  the  latest  in  the  field  of  hardened  antennas  and  pro¬ 
vide  better  performance,  electrical  and  physical,  and  lower  cost  with 
greater  confidence  than  any  previous  systems. 

The  information  obtained  during  the  contract  is  part  of  a  continuing 
effort  in  the  area  of  survlvable  communications.  Upon  completion  of  this 
program  the  focal  point  for  hardened  antennas  was  established  at  RADC, 
These  results  will  be  used  as  the  technological  base  for  continued  efforts 
in  antenna  survivability  and  in  providing  consulting  services  to  the  vari¬ 
ous  using  cotrrands  and  system  offices. 
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SECTION  1 


INTRODUCTION 

This  program  w«  a  IS  Month  engineering  Investigation  of  HF  antennas 
designed  to  with  stand  the  effects  of  a  nuclear  weapon.  The  results  are 
presented  in  two  volumes  entitled: 

HARDENED  HF  ANTENNA  STUDY 

Volume  I  -  Electrical  Investigation  of  Hardened  HF  Antennas 
Volume  II  -  Survivability  Analyses  of  Hardened  HF  Antennas 

Volume  I  contains  the  results  of  an  electrical  Investigation  of  12  HF 
antenna  techniques  considered  In  this  study  together  with  the  results  of  an 
experimental  Investigation  of  the  four  most  promising  types,  the  Annular  Slot, 
Linear  Slot,  Wire  Slot,  and  Log  Spiral  Antennas. 

A  detailed  theoretical  analysis  of  the  behavior  of  the  Annular  Slot 
antenna  with  and  without  a  debria  cover  is  presented  together  with  the 
results  of  an  experimental  program  on  a  HF  Annular  Slot  located  in  Warrens burg, 
Missouri.  Scale  models  were  used  In  the  experimental  evaluation  program  of 
the  other  three  antennae. 

Volume  II  contains  a  detailed  analyeis  of  the  nuclear  weapon  threat 
together  with  mechanical  analysis  of  the  various  HF  antenna  configurations 
as  to  failure  modes,  cost  estimates  for  each  of  the  hardened  antennas  con¬ 
sidered,  design  data,  and  specifications  for  the  most  promising  antenna  types 
designed  to  withstand  particular  overpressure  levels. 

Hardness  ratings  for  the  antennas  have  been  classified  as  A,  B,  C,  D  in 
Volume  I  and  are  discussed  in  Volume  II.  Lowest  Hardness  rating  is  class  A. 
maximum  hardness  is  class  D. 

I . I  SUMMARY 

The  Hardened  HF  Antenna  Study  was  conducted  at  Sylvan!*' s  Applied 
Research  Laboratory  located  in  Waltham,  Massachusetts.  The  electrical  study 
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program  w*»  divided  Into  two  ph&sas.  Phase  I  wee  concerned  with  a  theoretical 
study  of  the  suitable  antenna  techniques  in  HF  region  and  Phase  II  involved 
an  experimental  program  to  daaonatrate  some  of  the  electrical  characteristics 
predicted  In  Phase  I. 

The  HF  band  encompasses  a  frequency  range  of  2  to  30  Me  and  antennas 
optimised  for  operation  in  this  band  are  inherently  large  structures. 
Additional  constraints  placed  upon  rhe  entenrss  in  this  study  were  their 
capability  for  hardening  and  ability  to  operate  with  reasonable  efficiencies 
under  the  effects  of  a  debris  cover.  Techniques  used  at  UHF  and  higher 
frequencies  such  as  debris  pita  around  or  Integral  with  the  antenna  and 
ground  plane  could  not  be  utilized  at  HF  because  these  features  seriously 
degraded  the  hardness  of  the  antenna, and  sharply  Increased  the  cost.  Thus 
it  became  apparent  during  phase  I  of  this  study  that  antenna  techniques 
capable  of  exhibiting  reasonable  radiation  efficiencies  when  radiating 
through  a  debris  layer  were  to  be  investigated.  This  property  coupled  with 
the  ability  to  design  such  structures  to  carry  a  maximum  hardness  rating  at 
a  reasonable  coat  was  our  basic  approach  in  this  investigation. 

During  Phase  I,  12  different  types  of  antenna  techniques  were  studied 
for  application  in  the  HF  region.  Our  approach  has  been  to  study  each 
technique  with  regard  to  feasibility,  configuration  required,  broad  band¬ 
width  possibilities,  efficiency,  radiation  pattern  and  directivity,  polariza¬ 
tion  (preferably  vertical),  hardness  rating  and  the  degrading  effects  of 
debris  on  the  antenna  electrical  performance.  The  12  antenna  techniques 
fall  into  the  following  three  general  categories: 


( a) 

Antennas 

in  air 

(b) 

Antennas 

embedded 

flush  with  the  ground  or  of  low  profile 
in  asphaltic  concrete 

(c) 

Antennas 

buried  in  the  ground 
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Under  category  (a) ,  the  following  four  types  wart  considered: 

{1}  Wire  slot 

(21  Log-Periodic  vertical  monopoles  (LPM  type) 

(3)  Spherical  antenna 

(4)  Prolate-spheroidal  antennas 

The  wire  slot  antenna  represents  an  attractive,  simple,  and  relatively 
Inexpensive  HF  technique  especially  in  the  10  -  30  Me  region.  This  antenna 
falls  into  categories  (a)  end  (b).  It  represents  a  directional  type  antenna 
having  a  directivity  of  approximately  5.3  db  (compared  to  an  Isotropic  antenna 
above  perfect  ground)  and  can  be  used  down  to  2  Me  at  moderate  coats.  Three 
configurations  of  the  wire  slot  antenna  are  feasible  --  a  four-foot  high  wire 
slot  above  ground  in  air  (hardness  class  A,B,C),  one  embedded  in  asphaltic 
concrete  above  ground  (hardness  class  D)  and  another  located  in  a  trough  be¬ 
low  ground  (Hardness  class  0). 

The  results  of  our  Initial  studies  indicate  that  the  log  periodic  vertical 
structure  represents  an  expensive  antenna  of  low  hardnege  rating.  The  cost 
of  s'.c!'  an  antenna  Is  high  because  of  the  size  of  reinforced  concrete  founda¬ 
tion  required  for  this  case.  Electrically,  the  log  periodic  structures  possess 
desirable  broad  band  characteristics,  however  the  cost  to  performance  ratio 
is  high  for  the  vertical  monopole  array. 

Spherical  antennas  with  a  narrow  slot  between  the  two  hemispheres  and 
the  prolate  speroidal  design  were  considered  because  of  the  broad  band 
characteristics  at  HF  frequencies.  The  evaluation  of  these  antennas  from 
the  hardness  point  of  view  indicated  the  need  for  extremely  large  and  costly 
foundations  for  a  hardness  ratings  class  A;  thus,  they  are  not  recommended 
for  the  HF  region. 

The  antennas  that  fall  into  category  (b)  are  aa  follows: 

1.  Annular  Slot 

2.  Linear  Slot 

3.  Log  Spiral 

4.  Wire  Slot 


3 


5.  Letter  Rack  Flush-Slot  Array 

6.  Direct  Driven  Assonant  Radiator  (Hula  Hoop) 

7.  Surface  Wave  Type* 

S.  Helical  Antennae 

All  of  thaea  antenna*  with  the  exception  of  the  surface  wave  types  can  be 
classified  as  very  hard  antennas  capable  of  withstanding  overpressures  In 
hardness  classification  D.  The  surface  wave  type  antennas  carry  a  C  hardness 
rating. 

Annular  and  linear  slot  antennas  represent  attractive  medium  cost  tech¬ 
niques  for  HF  communication,  possess  high  efficiency  (25£  to  65$ ,  desirable 
radiation  patterns  and  directivity.  The  effects  of  debris  on  the  efficiency 
of  an  annular  slot  has  been  experimentally  determined  on  a  full  scale  HF 
antenna  and  the  results  indicate  a  degradation  in  operating  efficiency  of  -3 
to  -7  db  in  the  frequency  range  of  3.5  to  13.5  Me.  This  degradation  is  for 
a  one  foot  full  cover  of  debris  on  a  60  foot  diameter  antenna  optimized  for 
operation  in  the  3-5  to  13-5  Me  range  and  located  in  Warrensburg,  Missouri. 

The  log  spiral  antenna  was  found  to  be  a  desirable  HF  techniaue  and  may 
be  in  the  form  of  a  spiral  with  conductive  arms  or  spiral  slots  backed  up  with 
a.  cavity.  The  efficiency  of  properly  designed  spirals  neglecting  dielectric 
losses  is  approximately  50£  with  cavity  backing.  It  appears  at  this  point 
that  a  four-arm  spiral  operating  in  the  second  higher  order  mode  displays 
a  desirable  omnidirectional  radiation  pattern  for  this  frequency  band.  The 
spiral  technique  Is  attractive  from  the  broad  band  characteristics  of  such 
devices,  constant  input  impedance,  efficiency,  hardness  rating,  end  moderate 
cost . 

Investigation  of  the  wire  slot  antenna  indicated  operation  at  maximum 
efficiency  when  such  structures  are  built  above  the  ground  and  periodically 
supported  with  dielectric  rods.  Antennas  supported  in  this  manner  carry 
a  hardness  rating  of  A.B  at  the  low  end  of  the  HF  band,  and  higher  ratings 
C  in  the  20-30  Me  region.  Embedding  this  structure  in  asphaltic  concrete 
increases  the  hardness  rating  to  D  with  a  sacrifice  in  operating  efficiency 
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due  to  asphaltic  losses  and  burial  depth.  Calculations  indicate  efficiencies 
of  8  to  25*  are  realisable  froa  8  to  30  Me  for  a  four  foot  high  wire  slot 
eabedded  in  asphaltic  concrete. 

Utilisation  of  the  log  periodic  principle  in  the  design  of  a  so-called 
letter  rack  flush  slot  array  in  the  ground  was  also  investigated.  The  letter 
rack  flush  slot  array,  when  eabedded  in  asphaltic  concrete,  was  found  to  be; 
a  moderately  good,  medium-cost ,  antenna  for  the  HF  region.  A  fine-slot  array 
shows promise  as  one  with  broed  bandwidth  possibilities  (*»  2:1) ,  high  efficiency, 
end  desirable  radiation  patterns  end  directivity. 

Consideration  was  also  given  to  an  open-pit  type  letter  reck  antenna 
with  a  debris  pit  at  lta  base.  A  cursory  investigation  Indicated  that  such 
a  design  required  a  rather  elaborate  concrete  foundation  and  carried  a  very 
low  hardneas  rating  (category  A),  thus  the  results  derived  froa  this  investi¬ 
gation  show  that  such  an  open  pit  structure  is  not  practical  in  the  HF  region. 

The  Directly  Driven  Resonant  Radiator  (DDRR)  or  Hula  Hoop  antenna  la  in 
essence  e  top  loaded  monopole.  In  the  fora  of  an  inverted  L  antenna,  where 
the  L  is  bent  into  a  loop.  This  antenna  requires  only  a  short  height  (4  feet 
at  2  Me)  and  yields  good  efficiency  if  mounted  above  ground  in  air  over  an 
excellent  ground  screen;  however,  its  bandwidth  is  very  saall  (about  1/356) 

In  order  to  harden  this  antenna  to  ratings  of  class  Car D  it  oust  be  embedded 
in  asphaltic  concrete.  This  reduces  the  efficiency  by  a  factor  of  approxi¬ 
mately  50  so  that  the  resulting  efficiency  of  the  hardened  antenna  is  ex¬ 
tremely  low.  Conqtaring  the  Hula  Hoop  antenna  with  a  top  loaded  monopole  of 
the  top  hat  type  with  the  monopole  in  the  center,  one  finds  that  the  top  hat 
antenna  has  a  greater  capacity  for  the  same  cylindrical  volume  and  therefore 
results  in  a  more  efficient  use  of  s  given  volume.  Therefore  the  top  loaded 
monopole  is  preferred  to  the  Huls  Hoop  as  a  hardened  antenna  in  the  2-6  Me 
region . 

Surface  wave  type  antennas  in  the  HF  region  were  not  found  suitable 
because  of  their  large  size,  and  relatively  high  cost  to  overall  performance 
ratio.  Hardness  rating  of  such  structures  is  class  C. 
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Helical  antenna*  war*  also  considered  as  to  their  application  In  the 
HF  region.  Two  node*  of  operation  ware  considarad  —  the  normal  mode  and 
the  axial  soda.  In  the  normal  mode  of  operation,  the  radiation  pattern  of 
a  helix  is  similar  to  that  of  a  short  aonopole  end  top  loading  techniques 
would  have  to  be  uaed  to  increase  the  effective  height  and  efficiency  of  the 
antenna.  In  effect,  top  loading  reduces  this  antenna  to  a  top  loaded  monopole. 
Also,  the  helix  operating  in  this  mode  is  a  very  narrow  band  antenna. 

Operation  of  the  helix  in  the  axial  mode  (the  usual  mode  of  operation) 
results  in  a  radiation  pattern  along  the  helical  axis  with  directivities  of 
the  order  of  10  db.  The  physical  dimensions  of  such  e  structure  are  very 
large  at  HF  frequencies  Thus  from  above,  the  helix  does  not  seem  to  offer 
an  advantage  over  other  competitive  types  in  the  HF  region  and  was  eliminated 
from  further  study. 

Antennas  buried  in  the  ground  represent  the  third  main  classification  of 
HF  antennas.  The  configurations  available  in  this  category  are  subdivided 
into  two  groups  as  follows: 

I.  Buried  Horizontal  Dipole  Arrays  with  Standing  Wave  Current  Distri¬ 
bution 

1)  Buried  Horizontal  Dipole  Linear  Array,  Directional  Type 

2)  Buried  Horizontal  Dipole  Crossed  Linear  Array,  Omnidirectional 
Type 

3)  Buried  Horizontal  Dipole  Circular  Array,  Omnidirectional  Type 

II.  Buried  Horizontal  Wire  Antennas  with  Traveling  Wave  Current  Distri- 

but ion 

1)  Linear  Antennas,  Directional  Type 

2)  Horizontal  Loop  Antennas,  Omnidirectional  Type 

Thes j  insulated  wire  antennas,  when  buried  to  a  depth  of  4  feet,  re¬ 
present  a  relatively  low-cost  structure  with  a  high  hardness  rating  (class  D) . 
Reducing  the  depth  of  burial  results  in  a  more  efficient  but  lower  hardness 
antenna.  Another  advantage  of  such  antennas  is  that  debris  degradation  Is 
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lees  than  with  antennas  of  category  (h)  which  are  embedded  in  asphaltic  con¬ 
crete,  because  the  former  are  designed  to  work  in  a  medium  having  characteristics 
similar  to  those  of  debris.  Standing  Wavs  (Type  I)  are  recomnended  for  use 
in  the  2-6  He  region  for  narrow  bend  operation;  above  6  He,  the  lower  operat¬ 
ing  efficiency  together  with  debris  degradation  wake  it  inferior  compared  to 
the  annular  or  linear  slot,  the  log  spiral  or  wire  slot. 

Broad  band  operation  can  be  achieved  from  buried  horizontal  wire  antennas 
(Type  II)  operating  in  the  traveling  wave  mode .  The  buried  Zig-Zag  antenna 
and  particularly  the  buried  rhombic  antenna  provide  radiation  patterns  of  com¬ 
paratively  high  directivity  but  lover  efficiency  than  the  corresponding 
burled  wire  antennas  of  Type  1  which  ere  only  useable  over  a  narrow  band. 

Burled  Type  II  wire  antennas  display  constant  input  impedance  characteristics 
over  a  wide  frequency  band  and  exhibit  radiation  patterns  that;  change  slightly 
with  freauency.  Omnidirectional  patterns  are  obtained  with  horizontal  square 
or  circular  configuration  using  a  number  of  turns.  These  antennas  also  have 
constant  input  Impedance  characteristics  which  are  slightly  affected  by 
changes  in  soil  conductivity;  in  addition,  they  have  an  efficiency  in  the 
order  of  0.5  to  1  percent,  require  only  one  feed  cable,  and  are  lover  in 
cost  than  Type  I  antennas. 

The  buried  horizontal  square  or  circular  configuration  is  suggested  for 
application  in  the  2-4  He  region  as  a  low-cost,  vide  band  antenna  covering  a 
2:1  frequency  range.  Computed  performance  of  this  buried  antenna  appears  to 
be  down  approximately  3  db  from  the  Warrenaburg  Annular  Slot  antenna  (  —  60'dia) 
at  2  He  (without  debris)  end  comparable  for  the  case  of  a  uniform  half  cover 
over  the  Warrenaburg  antenna. 

The  results  of  the  theoretical  studies  conducted  in  Phase  I  indicated 
four  antenna  technique!  warranting  experimental  Investigation.  They  are  as 


follows: 

1. 

Annular  Slot 

2. 

Linear  Slot 

3. 

Wire  Slot 

4. 

Log  Spiral 
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Rim*  9  wi  concern**  with  an  experimental  evaluation  of  thee*  four 
antenna  techniques  with  and  without  a  debris  cover. 

The  experimental  evaluation  of  the  annular  slot  antenna  was  conducted 
at  Warransburg,  Missouri  on  a  full-scale  antenna  embedded  in  asphaltic  concrete 
and  having  a  dlaaatar  of  approximately  60  feet.  This  antenna  was  built  by 
Sylvania  Electronic  Sy steam  -  East  during  investigations  for  the  Mimiteamn 
Antenna  Progrsai  and  provided  an  opportunity  to  correlate  theoretical  pre¬ 
dictions  with  actual  performance  in  the  HF  range. 

Evaluation  of  the  linear  a lot,  wire  slot,  and  log  spiral  antennas  was 
performed  et  the  Sylvania  Antenna  Site  in  Waltham,  Massachusetts  shown  in 
Figure  1-1.  Scale  models  of  these  antennas  together  with  a  reference^ /4) 
monopole  were  built  and  laid  out  as  shown  in  Figure  1-1.  The  antenna  site 
occupied  an  ares  measuring  36  x  32  feet.  Drainage  for  the  site  was  provided 
by  a  12-inch  gravel  base.  An  asphalt  pad,  six  inches  thick,  was  pieced  on 
the  gravel  to  provide  a  good  ground  base  for  all  the  model  antennas.  This 
type  of  base  results  in  minimum  degradation  of  the  antenna  back-up  cavities 
because  of  nonuni fore  ground  affects  and  results  in  optimum  efficiencies. 

A  fine  mesh  (copper  wire  Insect  screening)  was  laid  down  over  the  asphalt 
pad  and  provided  the  base  for  the  back-up  cavity  used  with  each  model  antenna. 
This  also  served  as  the  ground  plane  for  the  reference  (1/4)  monopole. 

The  sidewalls  of  the  back-up  cavities  for  each  antenna  were  fabricated 
from  plywood  and  the  screening  stapled  to  it  was  soldered  to  the  base  scree*  . 

A  cavity  depth  of  18  inches  was  used  for  all  antennas.  Loam  fill  was  placed 
on  top  of  the  asphalt  pad  to  a  depth  of  18  inches.  All  feed  coaxial  cables 
to  the  antennas  are  approximately  100*  in  length  and  are  passed  through  an 
underground  pipe  system  to  a  test  shed  located  approximately  30'  from  the 
antenna  site.  A  40'  diameter  air-inflatable  radome  was  used  at  Sylvania  to 
cover  the  entire  antenna  sits  and  protect  the  antennas  from  the  effects  of 
weather,  thus  reducing  the  down  time  in  running  antenna  tests.  Figure  1-3 
shows  a  layout  of  the  antenna  site  together  with  location  of  field  intensity 
monitoring  stations  and  coordinator  used  in  the  experimental  program. 


Figure  1-1.  Sylvanio  Antanna  Sit*. 
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Figure  1-3.  Syivonio  HF  Antenna  Site  and  Field  Intensity  Monitoring  Stations. 


The  design  frequency  for  each  of  Cl  antennas  is  as  follows: 

Log  Spiral  -  Frequency  range  60  -  240  Me 

Linear  Sloe  -  Design  center  frequency  is  90  Me 

Hire  Slot  -  Frequency  range  16-90  Me 

A  reference  X/4  monopole  adjustable  in  height,  was  used  throughout  this 
program  for  field  Intensity  comparison  with  the  above  mentioned  antennas. 
Additional  detail  drawings  and  specifications  for  the  antenna  site  are 
given  in  Appendix  B 

The  mechanical  engineering  investigations  as  presented  in  Volume  It  on 
the  HF  antenna  study  program  were  concerned  with  an  analysis  of  the  various 
HF  antenna  configurations  as  to  their  ability  to  survive  all  of  the  effects 
of  a  nuclear  weapon  such  as  overpressure  and  dynamic  pressure,  thermal 
radiation,  nuclear  radiation,  ground  shock  and  debris.  It  involved  the 
specification  of  antenna  geometry  for  particular  overpressure  levels,  cost 
estimates,  and  included  an  evaluation  of  the  mechanical  failure  modes  for 
each  of  the  basic  antenna  classification  categories;  i.e. 

1)  Antennas  of  low  profile  embedded  in  asphaltic  concrete,  such  as 

the  Annular  Slot,  Log  Spiral,  Wire  Slot,  etc.  D  Hardness  Rating. 

a)  Wedge  Action  -  Sections  of  antenna  being  blown  off  from 

slope  of  structure. 

b)  Shear  Bending  -  Shear  between  the  loaded  and  unloaded  portions 

of  the  antenna - 

c)  Rebound  or  Bouncing  Effect  -  Antenna  bouncing  out  of  ground 

due  to  tensile  waves  induced  in 
asphalt. 

d)  Sliding  -  Structure  moving  along  ground. 

e)  Crack  -  Natural  and  others  due  to  environmental  conditions. 

f)  Heating  and  Nuclear  Effects. 


i? 


n  Antenna#  flush  with  the  ground  such  js  th«  linear  slot  and  letter 
rack  slot-array .  D  Hardness  rating. 

a)  Shear  Bending. 

b)  Rebound  or  Bouncing  Effect. 

c)  Cracks • 

d)  Heating  and  Nuclear  Effects. 

3)  Surface  Wave  Types  -  C  Hardness  rating.  Failure  nodes  are  the  same 
as  (a)  through(  f)  under  paragraph  (1),  above. 

4)  Log  Periodic  Monopoles  in  Air  -  A,B,  C  Hardness  rating. 

a)  Failure  Is  in  combination  flexure  and  shear  as  a  cantilever 
beam. 

5)  Buried  Horizontal  Wire  Antennas  -  D  Hardness  rating  for  a  4  foot 
burial 

a)  Failure  of  individual  dipoles  or  elements  and  feed  transmission 
lines  in  tension. 

b)  Failure  of  transmission  line  and  junctions  due  to  ground 
shock. 

c)  Probably  no  temperature  or  nuclear  effects. 

6)  Antennas  flush  with  the  ground  -  open-pit  structure  having  a 
hardness  rating  of  class  A 

Letter-Rack  Slot-Array  -  Technique  No.  1. 

a)  Wires  will  break  under  wind  and  thermal  heat  loads  or  a  com¬ 
bination  of  both.  This  limits  rating  to  class  A. 

b)  Uneven  ground  upheave 1. 

c)  Concrete  foundation  carries  rating  of  class  A 
Letter-Rack  Slot-Array  -  Technique  No.  2- 

a)  Cantilever  action  of  concrete  walls  which  separate  the  indi¬ 
vidual  cavities  of  the  array  under  reflected  and  dynamic 
pressure  limit  rating  to  class  A. 
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SECTION  2 


ANNULAR  SLOT 


2.1  THEORETICAL  CONSIDERATIONS 

2.1.1  Introduction 

Figure  2-1  shows  a  cross-section  of  an  annular  slot  antenna.  It  consists 
of  a  disk  and  a  cylindrical  back-up  cavity.  From  the  hardening  viewpoint 
this  type  of  antenna  Is  attractive,  since  it  is  flush  with  the  ground  and 
can  withstand  enormous  overpressures  If  the  cavity  Is  filled  with  a  suitable 
dielectric  material  which  has  low  losses  and  good  compressive  strength.  It 
has  been  found  that  asphalt  concrete,  if  properly  treated  and  prepared,  is 
well  suited  for  this  purpose  and  is  economical  so  that  it  can  be  used  in 
large  quantities.  We  consider  first  the  radiation  characteristics. 


2.1.2  Radiation  Characteristics 


Radiation  characteristics  of  the  annular  slot  have  been  considered  by 
12  3 

several  authors.  ’  '  The  effects  of  a  back-up  cavity  have  been  examined  by 

J.  Ga lejs  and  T.  W.  Thompson.*  For  dimensions  of  the  annular  slot  antenna, 

which  are  very  small  compared  to  the  wavelength,  the  antenna  can  be  treated 

5  6 

as  a  top  loaded  very  short  monopole  which  has  a  large  top  hat  capacity.  ’ 

Hie  radiation  pattern  of  the  annular  slot  (also  called  Circular 
Diffraction  Antenna)  has  been  calculated  by  Pistolkors.*  The  electric 
field  intensity E  in  the  far  field  over  perfectly  conducting  ground,  at 
distance  D  is 


kp  V  x  J, (x  sin®) 

E  =  -§-*  VkP0  .in  «)  -  - 


wg  ■  *<*••>  t  [: 


(2.1) 


P  =  r~ ^  average  slot  radius  m 

o  2 


9. 

k  =  —  ;  x  =  kp  =  — — 

A  O  A 


;  (I-.)- 


elevation  angle 
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h  *  5  FT 


Figure  2-1.  Basic  Configuration  of  HF  Annular  Slot 


Jj(x)  »  Bessel  Function,  first  order 
V  *  Voltage  across  the  slot. 

F(x,0)  ■  x  J1(s  sln0)  is  the  field  pattern  function.  (2.2) 


Normalizing  this  with  respect  to  the  field  on  the  ground  (0  -  00°)  yields 
the  norms 11 zed  pattern  function. 


J.(x  sln0) 


r(x,9) 
?(*>  | ) 


(2.3) 


The  relation  between  the  field  Intensity  E  end  radiated  power  PR  is  given 
by  the  basic  equations 


4rD2 


120w  and  Vg  °R 


R 


Thus 


ED  -  ^30  gPR 


(2.4) 


Gr  is  the  radiation  conductance  referred  to  the  slot  voltage  VR,  and  g  is 
the  directivity  of  the  antenna  compared  to  an  isotropic  radiator. 

The  relation  between  the  directivity  g,  the  pattern  function  F,  and 
the  radiation  conductance  G_  is  obtained  by  combining  Equations  (2.1)  and 
(2.4): 


F2(x,0) 

x2jJ(x  sinO) 

*’  JOG, 

"  30  S 

(2.5) 

The  directivity  g  is  a 

function  of  the  angle  9. 

Along  the  ground  (0s  00°) 

the  directivity  is 

*2j\  (*) 

8o  =  30  Gr 
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It  Is  convenient  to  compare  the  field  intensity  of  an  annular  slot,  as 
given  by  (2.4)  with  the  field  intensity  obtained  from  a  short  vertical 
monopole  over  perfect  ground.  The  vertical  mo  no pole  has  a  sinusoidal  field 
pattern  with  the  wucisuin  field  Intensity  on  the  ground,  and  a  directivity  of 
3.  The  field  intensity  is  therefore  (ED)^  *  ^3.30  P^.  The  ratio  of  the 
field  intensity  of  the  annular  slot  and  that  of  the  vertical  monopole  in  the 
same  direction  (0)  defines  the  K-factor; 


Thus 


(2.6) 


K 


sin®) 


s  HxJL. 

Vs5  G» 


and  the  field  intensity  of  the  annular  slot  is 

<“»«,  -  *  •  (“»»« -  ■ K 


(2.7) 


The  radiation  conductance  of  a  narrow  annular  slot  in  a  conducting 
plane  (perfect  ground)  has  been  calculated  by  Pistolkors  without  limitation 
of  the  size  of  the  slot  diameter: 
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It  it  evident  from  these  relation*  that  the  annular  slot  of  small  electrical 
•ise  Ha*  the  atom  characteristic*  a*  a  short  vertical  monopole ;  The  elevation 
pattern  (Figure  2.3)  1*  sinusoidal,  the  directivity  80>3,  therefore  K»l,  which 
means  that  both  antenna*  yield  the  sane  field  intensity  when  energised  with 
the  sane  power. 

As  the  relative  else  of  the  annular  slot  antenna  is  increased  radiation 
pattern,  directivity,  and  radiation  conductance  change.  gjQje  pattern  function 
and  directivity  are  functions  of  x  and  the  angle  8.  x  * 
proportional  to  frequency  for  constant  antenna  dimensions. 

The  normalised  radiation  pattern  F^,  referenced  to  the  ground  field 

Intensity  Is  given  by  (2.3).  This  is  the  pattern  for  constant  slot  voltage 

V  .  The  variation  of  F  with  x  for  a  given  antenna  size;  l.e.,  the  variation 
g  n 

of  pattern  shape  with  frequency  for  e  fixed  medium  slot  radius  Is  shewn 
In  Figure  2-3.  The  dimensions  of  the  antenna  are  suitable  for  operation  up 
to  e  frequency  of  30  He. 

Cavity  radius  b  »  20  ft  6m 

Hat  radius  a  *  15  ft  4.57  m 

Slot  width  b-a  *  ft  1.525  m 

Medium  slot  radius  P  *  =  17.5  ft  5.29  m 

o  £ 

It  Is  seen  that  the  pattern  is  sinusoidal  as  long  as  b  «  A(x  «  1). 

As  i.e.,  the  frequency  is  increased  the  pattern  broadens  until  x  *  1.84 
where  the  Bessel  function  J^(x  sin  9)  has  a  maximum.  Up  .to  this  point  the 
maximum  of  the  pattern  is  on  the  ground.  As  the  frequency  is  further 
increased  the  main  lobe  lifts  off  -he  ground  and  increases  in  size.  The 
radiated  power  increases  also  as  Is  evident  from  the  increased  area  covered 
by  the  pattern.  The  lobe  maxloaim  is  at  an  angle  9  determined  by  the 
first  maximum  of  J, (x  sin  9  )  which  occurs  at  x  sin  9  ■  1.84.  Thus 

i  ■  to 

sin  9  *  1.84/x. 

m 
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Figure  2-3.  Normalized  Radiation  Pattern  for  Annular  Slot 
(Constant  Field  Intensity  Along  Ground). 


The  radiation  pattern  for  constant  radiated  power  is  given  by  (2.7). 
The  field  intensity  at  constant  distance  in  the  far  field  is  proportional 
to  K.  The  variation  of  the  field  intensity  on  the  ground  (0 


90°)  is 


represented  by  K 


x  J^*) 


Vi 


90  G_ 


ant*  is  plotted  on  Figure  2-2  as  a  function  of  x. 


Figure  2-4  shows  radiation  patterns  at  various  frequencies  for  the  sane 
antenna  (b  =  20  feet)  as  used  for  Figure  2-3.  As  the  frequency  is  Increased 
the  ground  field  intensity  is  reduced  and  a  lobe  develops  whose  elevation 
increases  as  the  frequency  is  increased.  The  reduction  of  the  ground  field 
intensity  is  due  to  the  fact  that  the  radiation  is  more  and  more  concentrated 
at  higher  elevation  angles  and  therefore,  with  the  same  total  radiated  power, 
the  radiation  at  the  lower  angles  is  reduced.  This  is  in  contrast  to  tne 
case  of  constant  slot  voltage  V  where  constant  ground  field  intensity  is 
maintained  at  the  expense  of  Increased  radiated  pcwer.  When  the  frequency 
is  increased  to  the  point  where  x  =  3.83  or  p \  =  0.61,  the  Bessel  function 
passes  through  zero  and  the  ground  field  is  zero,  Kq  *  0  'Figure  2-2). 

All  the  energy  goes  into  higher  elevation  angles,  the  maxinum  of  the  lobe 
appearing  at  an  angle  given  by  sin  0^=  1.84/  Ac  still  higher  frequencies 
(x  >  3.83)  a  second  lobe  develops  on  the  ground,  giving  rise  to  a  ground 
field  intensity  that  is  almost  as  large  as  it  is  at  lew  frequencies  (x  <r  1). 
This  is  apparent  from  Figure  2-2  which  shows  Kq  =1  at  x  »  5.4. 

The  directivity  g  of  the  annular  slot  is  given  by  (2.5).  It  is  a  function 
of  x  and  the  angle  0.  Of  particular  interest  is  the  directivity  (g^)  in 
ehe  direction  6  =  90°  (along  the  ground),  and  the  directivity  g^  in  the 
direction  of  the  first  lobe  maximum.  From  (2.5)  we  obtain 


[ x  Jjfx) 

go  =  30  Gr 


8 


m 


fx  J,  (x  sin  0  ) ] ^ 
1  tn 

30  Gr 


f2(x>V 

30  Gr 
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Figure  2-4,  Radiation  Pattern*  of  Annuiar  Slot  in  Vertical  Plane 
(  Constant  Radiated  Poorer ) . 
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These  directivities  together  ith  the  e levs t ion  angle  e  «  90°  *  0  °  of  the 

first  lobe  maximum  are  plotted  versus  x  =  k  pQ  on  Figure  2-5.  For  x  <  1.64 

the  lobe  maximum  is  on  the  ground  (t  *  0°)  and  g  ■  g  .  The  directivity 

=  3  for  x  <0.5,  and  decreases  (because  of  pattern  broadening)  until 

g  *  g  »  2.42  at  x  *  1.84.  Vlth  increase  of  x  beyond  1.84  (x  >  1.84),  the 
o  ■  ss 

main  lobe  lifts  off  the  ground,  and  g^  (which  is  proportional  to  the  radiated 
power  density  along  the  ground)  decreases  to  zero  at  x  *  3.8,  since  J^(3.8)  =  0. 
At  this  point  the  pattern  has  a  null  on  the  ground.  For  x  >  3.8  the  ground 
directivity  g  increases  again  up  to  value  of  2.8,  which  is  close  to  the 
value  at  low  frequencies.  In  this  same  range  x  >  1.84  g^,  after  a  very 
slight  dip,  increases  rapidly  past  the  point  x  ■  3.8  where  the  ground  field 
has  Its  null  (g^  *  0),  until  a  maximum  is  reached.  This  occurs  at  x  -  4.4 
where  g  =8.8  and  the  lobe  elevation  angle  e  =  65°.  In  the  range 

ffl  B-  ©  o 

1.84  <x  <^3  the  lobe  elevation  angle  increases  rapidly  from  0  up  to  52  . 

For  x  >  3  the  increase  of  e  is  somewhat  slower. 

m 

2.1.3  Admittance  of  the  Annular  Slot  Antenna 

To  establish  the  efficiency  and  bandwidth  of  the  annular  slot  antenna, 
as  well  as  the  tuning  and  matching  circuits,  one  oust  knew  the  terminal 
admittance  of  the  antenna.  Since  the  radiation  or  far  field  of  the  antenna 
is  due  almost  entirely  to  the  fringing  of  the  electric  field  maintained 
across  the  gap  between  the  disk  and  adjacent  highly  conducting  ground  it 
was  possible  to  derive  the  radiation  characteristics  by  considering  the 
circular  diffraction  of  an  annular  slot  in  a  perfectly  conducting  screen. 

To  obtain  the  admittance  one  must  consider  the  environment  of  the  annular 
slot.  Below  the  top  disk  at  a  distance  h  is  a  highly  conducting  ground 
screen.  This  together  with  the  surrounding  earth  forms  a  cylindrical  cavity. 
Thus  the  antenna  may  be  considered  as  a  cavity  backed  annular  slot  with  an 
electric  field  across  the  slot  producing  the  radiation.  An  analysis  of  the 
performance  of  a  cavity  backed  annular  slot  antenna  -  without  a  lossy  layer 
of  debris  over  it  -  has  been  given  by  Galejs  and  Thompson.*  Their  results 
have  been  expanded  by  Galejs  and  Row  (ARL  Research  Report  No.  359)  to  cover 
the  question  of  debris  effects  on  the  performance  of  the  annular  slot  antenna. 
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The  analysis  of  the  cavity  backed  annular  slot  antenna  without  debris 
cover  yields  the  admittance  across  the  slot.  The  edge  of  the  disk  and  the 
edge  of  the  cavity  are  considered  as  terminals.  The  actual  feed  points 
of  the  antenna  are  at  the  center  of  the  disk  and  the  ground  plane  forming 
the  bottom  of  the  cavity.  To  obtain  the  terminal  admittance  at  this  point 
the  slot  admittance  must  be  transformed  to  the  center  feed  point,  which  can 
be  accomplished  by  using  radial  transmission  line  analysis.  (See  Section  2.2.7) 

The  admittance  Yq  across  the  slot  is  composed  of  two  parts: 

YT  =  Y+  +  Y“ 


Y+  is  the  admittance  reflected  to  the  slot  plane  by  the  outside  space, 

Y*  is  the  admittance  reflected  by  the  cavity. 

Using  s  zero  order  approximation  of  the  field  distribution  across  the  slot 
(EQ(p)  *  aQ/p )  one  finds: 


(kp  ) 

v+  -  ° 

1  "  360 


(kpo)' 


(kp^ 

56 


(2.9; 


kp^r 

60ff 


8  P_ 


i  *  | ♦ 


where  Pq  =  (a  +  b)/2.  This  is  in  agreement  with  the  principal  mode  admittance 

seen  by  a  coaxial  line  that  radiates  into  a  half  space,  as  calculated  by 
2 

Levine  and  Papas. 

The  real  part  of  x+  is  the  radiation  conductance  G^  which  is  in  agreement 
with  (2  8).  The  imaginary  part  of  x  is  a  capacitive  susceptance  (Bg)  repre¬ 
senting  the  slot  fringe  capacity  due  to  the  outside  field.  Both  G„  and  B 

K  b 

are  independent  of  the  dielectric  constant  of  the  medium  inside  the  cavity. 
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The  admittance  reflected  by  the  cavity  le 

2 


/  *>  \2  O  coth  f  *j\2  -  k?  h 

<••— .(rtr)  I  ^:,  ■ 1 


(2.10) 


rjo(xa.)  -  JB(xdb)  1 

l^vv^J 


G  +  j  B 


where  the  height  h  of  the  cavity  It  taken  negative  :  h  <  o.  X  it  defined 
b,  J0<Xqb)  .0.  ^  1.  th.  coapUx  ..v.  nabcr: 


f- 


“*i 


C  »  C  € 

1  o  lr 


la  the  dielectric  conatant  of  the  cavity  fill  material  and  o^  are 
the  dielectric  conatant  and  conductivity  respectively  of  the  cavity  fill 
material .  Ita  lota  tangent  la  tg  0^  *  and  this  determines  the  magnitude 
of  G  *  0.  It  it  apparent  that,  while  *  Y+  is  dependent  on  k^,  Y  is 

dependent  on  k^.  This  means  that  Y+  is  not  affected  by  the  dielectric  in 
the  cavity,  but  Y  la  affected  because  the  velocity  of  propagation  inside 
the  cavity  is  reduced  by  ^/~€ 


The  total  admittance  ia  then 


(Gr  +  G‘)  +  1  (Bg  +  B*) 


G_  +  J  B_ 
R  J  T 


(2.11) 


with 


GR  +  G  and  B^ 


Bg  ♦  B 
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Since  B  is  slso  capacitive, 
s 


Considering  the  susceptence  B*,  one  finds  Chet  it  is  cepecitive  for 
snail  values  of  b/X.  Then  ell  the  cavity  nodes  ere  below  cutoff  and  the 
cavity  reflects  a  capacitive  susceptence. 
representing  the  slot  capacity  due  to  the  outside  field,  the  total  susceptence 

Bt  Is  capacitive  for  snail  values  of  b/X.  As  the  frequency  is  increased 

1  2  2  2 
one  of  the  cavity  nodes  will  propagate.  Ron  cutoff  occurs  when  X^>k^a(2r/X)  ( 

and  where  the  X  are  determined  by  the  roots  of  J  (X  b) .  In  the  case  of 
q  i  *w  2  o  q 

a  low-loss  cavity-fill  material  k*»  (“■)  «lr.  Thus  with  the  first  three 

roots  of  JQ(X^b)  the  following  relations  are  obtained: 


X  b  «  2.403  -  bk. 
ql  1 

Xq2b  «  5.52  *  bkj 


(2.12) 


V8*85  *bki 


This  results  in  b/X  values  as  tabulated,  both  for  air  in  the  cavity  and 
asphalt  (clr  *  2.8  and  e^r  ■  3.85). 


b/X  for  air 
‘ir-1 

b/X  for  asphalt 
'lr  ■  *•* 

b/X  for  asphalt 
clr  *  3-65 

2.40 

0.384 

0.23 

0.20 

5.52 

0.878 

0.525 

0.45 

8.65 

1.385 

0.822 

0.72 

Thus,  the  first  propagating  node  starts  when  b/X>  0.23  or  b/X>  0.20  if  the 
cavity  is  filled  with  asphalt  which  has  a  dielectric  constant,  >2.8 
or  clr  >  3.65,  respectively. 

For  the  case  b/X  «  1  the  antenna  acts  like  a  radiating  capacitor.  The 
total  capacity  is  that  of  the  disk  against  the  cylindrical  cavity.  Including 
the  fringe  field.  The  capacity  CT  is  approximately  equal  to  the  capacity  of 
two  parallel  plates  at  a  distance  h,  one  of  the  plates  being  very  large, 
representing  the  ground  plane. 


(2.13) 


The  computation  of  the  admittance  of  the  annular  aloe  antenna  can  b« 
accomplished  with  a  digital  computer  after  the  dimensions  of  the  antenna 
have  been  choaen.  The  cavity  diaaater  2b  la  determined  by  the  dealred 
radiation  pattern  at  the  upper  end  of  the  frequency  band  In  which  the 
antenna  shall  operate.  In  our  case  30  Me.  The  s£se  of  b  determines  the 
medium  cavity  radius  p  ■  *  •***  thereby  x  ■  — p  where  X  la  the 

O  A  C  A  O 

wavelength  in  air.  It  should  be  noted  that  the  radiation  characteristics 
are  not  affected  by  the  dielectric  in  the  cavity,  whereas  the  admittance 
depends  on  the  charac  -lstlcs  of  the  cavity  fill  material.  Therefore  the 
relations  describing  ti  radiation  characteristics  as  presented  before  can 
be  used  without  change. 

The  limits  in  the  choice  of  x;  i.e.,  of  p  are  determined  as  follcws: 

o 

If  x  la  made  large,  lobing  of  the  radiation  pattern  occurs  and  the  energy 
is  radiated  at  high  elevation  angles.  Thus  with  e  choice  of  x  *  3.84  one 
would  obtain  e  lobe  elevation  angle  of  00°  and  there  would  be  no  radiation 
along  the  ground.  On  the  other  hand,  the  efficiency  drops  ss  b  is  made 
smaller,  since  the  radiation  conductance  Gg  is  proportional  to  x*  and  there¬ 
fore  drops  very  rapidly  as  x  and  therefore  b  is  decreased,  as  shown  in 
Figure  2-2.  This  then  determines  the  lower  end  of  the  useful  frequency  band 
of  the  antenna. 

The  computation  of  the  admittance  was  carried  out  for  the  antenna  dimensions 
shewn  in  Figure  2-1.  The  radiation  patterns  of  this  antenna  are  shown  on 
Figure  2-4.  The  results  of  the  computation  are  shown  on  Figures  2-6,  2-7,  2-8, 
end  2-8  together  with  curves  describing  the  effects  of  debris  covering  the 
antenna  ,  Figure  2-6  shows  Im  =  Bg  +  B"  *  B^,  versus  frequency  (curve 

marked  0  debris).  The  total  susceptance  B_  is  composed  of  two  parts.  B_  is 
the  susceptance  of  the  fringe  capacity  Cg  between  the  edge  of  the  disk  and 

Effects  of  debris  will  be  discussed  in  a  following  section 
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the  cavity.  It*  value  changes  slightly  with  frequency,  end  varies  fron 

approximately  300  at  2  He  to  25°  >4i7  at  the  tipper  end  of  the  band.  8~ 

la  capacitive  until  the  first  cutoff  frequency  Is  reached.  This  Is  the  case 

for  b/X  ■  0.23,  f  *  11.5  Me,  for  a  cavity  fill  notarial  with  c^,  ■  2.8. 

At  this  point  b"  becones  very  large  and  changes  sign.  As  the  frequency  is 

Increased  above  B*  represents  an  Inductive  susceptance  which  decreases 

with  frequency  goes  through  aero,  and  becones  capacitive  again  until  the 

second  cutoff  frequency  is  reached  at  the  point  where  b/X  ■  0.525;  f cj»  26.2  Me. 

At  this  point  B  has  a  positive  nilaia  again,  but  not  as  pronounced  as  st 

the  first  cutoff  frequency,  changes  sign  and  baconea  Inductive,  thus  repeating 

a  alnllar  variation  ea  occurred  at  the  first  cutoff  frequency.  8^  is  the 

parallel  combination  of  tha  slot  susceptjnce  8  and  the  cavity  susceptance 
.  .  5 
8  .  Ita  variation  is  shown  on  Figure  2-6.  The  cutoff  frequencies  are  easily 

recognisable  at  those  points  where  8^  abruptly  changes  sign.  This  is  similar 

to  the  series  resonance  of  a  series  L  -  C  circuit.  In  between  the  two  cutoff 

frequencies,  e  parallel  resonance  condition  is  reached  at  about  18  Me.  This 

is  tha  case  when  8  *  -  Bg;  i.e.,  when  there  is  parallel  resonance  between 

the  capacitance  Bg  of  the  slot  and  the  inductance  of  the  cavity. 

The  real  part  of  tha  admittance  Y^  or  total  conductance  Is  shown  in 
Figure  2-7:  Be  Y^  ■  Gj  *  GR  +  G”.  The  total  conductance  is  couposed  of 
two  parts.  Gg  is  the  radiation  conductance,  which  la  the  seas  as  in  the 
air  case  (<^r  ■  1),  Equations  (2.8)  and  (2.9).  The  variation  of  GR  with 
frequency  is  shewn  in  Figure  2-8.  Cg  is  extremely  small  at  low 
frequencies  and  increases  very  rapidly  with  the  forth  power  of  the  frequency. 

At  x  a*  3  a  aaxiim  la  reached  with  Gg  at  0.03  oho,  st  s  frequency  f  *  26.9  Me. 

The  cavity  conductance  G  has  been  computed  using  a  loss  tangent  of  the 
cavity  dielectric  tg  ^  Figure  2-7.  G*  has  two  pronounced  maxims  of 

4  mho  and  1.5  aho  at  the  cutoff  frequencies:  11.5  Me  and  26.2  Me.  These 
are  rather  high  values  and,  since  the  cavity  susceptance  la  almost  zero  at 
these  points,  this  has  a  shunting  effect.  The  slot  Is  shunted  by  a  coopera¬ 
tively  low  resistance,  so  that  a  power  loss  is  experienced  at  these  frequencies. 
Between  the  two  cutoff  frequencies  the  conductance  G*  la  low,  reaching  a 
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Fipjr*  2-7.  Total  Conductance  of  40'  Annular  Slot  Vartus  Frequency  With  and  Without  Oabri 


win imam  at  about  15  Me.  Figure  2-9  above  th«  conductance/suaceptance  ratio 
of  this  antenna  as  a  function  of  b/X(aaphalt) .  There  are  three  points  where 

the  C_/B  ratio  has  extrema.  Theae  are 

i  r 


b//*  (asph ) 

0.39 

0.58 

0.88 

X(asph) 

15.4 

10.3 

6.83 

m 

X  ,  =  2.8  X  ,  .  ' 

air  (asph) 

26.0 

17.3 

11.4 

m 

f 

11.5 

17.4 

26.4 

Me 

The  first  and  third  extremum  are  at  the  cutoff  frequencies  of  the  cavity. 
Here  C  representing  loaaea  in  the  cavity  la  comparatively  large.  GR*  G  + 
is  therefore  also  comparatively  large.  At  theae  points  the  efficiency  of 
the  antenna  la  low,  as  will  be  shown  In  the  following  section. 

The  point  in  between  at  f  *  17.4  Me  la  of  a  different  nature,  aa  far 
as  G  is  concerned.  G  is  very  small  at  this  frequency  and  G„  is  considerably 
larger  than  G  ao  that  =  G%  GR  is  again  comparatively  large.  But  in  this 
case  the  efficiency  is  high  because  GR»  G’  and 

in  the  following  section,  parallel  resonance  occurs  at  the  middle  frequency 
(18.4  Me)  and  this  is  the  condition  for  high  efficiency.  At  the  cutoff 
frequencies  there  is  a  series  resonance  condition  which  yields  very  low 
efficiency.  In  all  three  cases  the  total  susceptance  1^=0  and  changes 
sign,  but  at  the  cutoff  frequencies  the  losses  (G  )  are  high,  whereas  at  the 
parallel  resonance  frequency  the  losses  are  small. 

Knowing  the  variation  of  the  admittance  with  frequency  as  described  by 

the  Bt  and  G^  curves  one  can  define  an  equivalent  circuit  which  has  the  same 

resonance  points  and  similar  behaviour  over  the  frequency  range  of  interest. 

(Figure  2-10)  and  Is  useful  in  describing  the  general  behaviour  of  the 

admittance  variation.  The  circuit  consists  of  a  susceptance  B  representing 

the  slot  capacity.  Parallel  with  B_  are  series  circuits  of  L,C  and  small  R, 

■  1 

one  for  each  cutoff  frequency.  At  the  cutoff  frequency  *  — jr—  for  the 


Gr  -  Gj.  A a  will  be  shown 


3b 


*-l-07fc> 
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I  GROUND  AND  DIELECTRIC 
J  LOSSES 

Gr  ■  RADIATION  CONDUCTANCE  Gd  -  DIELECTRIC  LOSS  CONDUCTANCE 
BS  *  SLOT  5USCEPTANCE  G#  »  GROUND  LOSS  CONDUCTANCE 

B  -  CAVITY  SUSCERTANCE  •  INRUT  ADMITTANCE 

Ftgura  2-10.  Equivalent  Antenna  Circuit  Including  Dielectric  and  Ground  Lone*. 
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first  cutoff  frequency  f.,  and  uuL*  «  -'■  -r  for  the  second  cutoff  frequency 

i  it 

fj,  etc.  Figure  2-10  show*  two  eerlee  circuits  for  the  two  cutoff  frequencies 
occurring  in  the  frequency  range  2-30  Me.  In  addition  there  are  the  conduct¬ 
ances,  Gg  representing  the  radiation  losses,  G  representing  cavity  losses, 
and  G  representing  ground  losses.  The  parallel  resonances  are  obtained 
when  the  susceptance  Bg  of  the  slot  capacity  la  equal  In  Magnitude  to  the 
inductive  susceptance  of  the  aeries  circuits;  i.e. ,  every  tine  when  B=  •  Bg. 
The  slot  capacity  la  then  in  resonance  with  the  resulting  inductance  of  one 
of  the  series  circuits.  As  Mentioned  before  these  are  important  conditions 
since  they  yield  high  efficiency. 

The  parasKtera  of  the  equivalent  circuit  can  be  obtained  from  the 
coaputed  conductance  as  a  function  of  frequency.  For  this  purpose  we  consider 
the  admittance  of  a  aeries  resonance  circuit  near  resonance. 


with 


_ l_ 

R  >  J(uL 


a  G 

o 


l  -  -t  2*0 
[1  «•  (26Q)2] 


C  -  3  B 


Z  G 


o  o 


The  conductance  of  this  series  circuit  has  a  frequency  dependence  near  its 

resonance  frequency  which  is  quite  similar  to  the  conqxited  conductance  curve 

of  the  annular  slot  antenna  near  the  cutoff  frequencies.  The  conductance 

G  has  a  shapr  peak  of  magnitude  Cq  at  the  resonance  frequency  f^,  which  is 

thereby  determined .  The  bandwidth  du>  is  determined  from  those  frequencies 

where  C  has  dropped  to  one  half  of  the  peak  value.  From  w  ,  G  ,  and 
.  o  o 

*  —  one  obtains 

2w 

o 
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and  finally 


Z 

o 


2*r 
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il  Z 
0  Q 


Z  2* 
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If,  on  the  ocher  hand .  one  doea  not  have  the  conductance  of  the  ante^t,?  an 

a  function  of  frequency  one  can  estimate  the  static  capacity  of  Che  antenna 

and  thereby  get  C,  Then  the  loaaee  in  the  antenna  cavity  can  be  estimated 
from  the  Q  of  che  cavity  filler  material.  The  cutoff  frequency  1*  equal  to 

the  resonance  frequency,  thus  yielding  u>  .  From  these  L,  R  and  Z  can  be 

calculated. 

This  technique  describes  only  the  behavior  of  the  admittance  close  to 
the  first  cutoff  frequency.  It  can  be  refined  by  assuming  several  series 
circuits,  each  resonating  at  the  consecutive  cutoff  frequencies  aa  mentioned 
before.  The  determination  of  the  various  comments  of  the  equivalent  circuit 
becomes  then  rather  cumbersome. 

A  simpler  representation  of  the  behavior  of  the  admittance  frequency 
function  using  transmission  line  analogy  la  given  in  the  following  section 
In  connection  with  efficiency  considerations. 

2.1.4  Efficiency  of  the  Annular  Slot  Antenna 

The  efficiency  of  an  antenna  Is  determined  by  the  ratio  of  the  radiated 
power  to  Che  total  input  power  of  the  antenna.  The  total  Input  power  is 
composed  of  two  parts:  Che  radiated  power  and  the  power  caused  by  the  losses 
in  the  antenna.  There  are  two  kinds  of  losses  in  the  antenna  proper  (not 
considering  the  tuning  circuit);  i.e.,  losses  in  the  dielectric  filling  the 

cavity,  and  ground  losses  in  the  surrounding  ground  including  copper  losses. 

2  2 

The  dielectric  losses  are  V  G  ,  the  ground  losses  are  V  G  •  The  radiated 
2  8  g  g 

power  Is  V  G  ,  hence  the  efficiency 
g  R 
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V'S  *  °%  v 


i  *  v°« 


In  the 


C  represents  the  sum  of  ell  losses  In  the  antenna, 

case  of  debris  covering  the  antenna  the  ground  losses  are  Increased,  reault- 


vhere 

f  <1 

ing  in  an  increase  of  G^.  The  total  susceptance  of  the  antenna  is  =  &s+  B 


2. 1.4.1  General  Efficiency  Considerations 

To  obtain  a  first  estimate  of  the  losses  which  determine  the  efficiency 
of  the  antenna  we  mks  use  of  soae  basic  energy  relations.  In  circuits  as 
well  as  in  transmission  lines  the  effect  of  losses  can  be  estimated  by 
considering  the  ratio  of  the  average  stored  electromagnetic  power  and  the 
average  dissipated  power  which  is  the  Q-factor  of  the  system.  In  a  component 
with  the  adsiittance  Y  -  G  +  JB  the  average  stored  power  is  and  the 
average  dissipated  power  is  V^G,  so  that  Q  «  B/G.  If  there  are  a  number  of 
components  in  parallel  connection  one  has  the  total  conductance 


Gj  ♦  Gj  + 


The  average  stored  total  power  ir.  a  circuit  of  parallel  components 
with  the  same  voltage  applied  to  each  of  them  can  be  expressed  by  . 

is  a  capacitive  susceptance  which  contains  the  same  stored  power  as  the 
whole  system.  In  a  resonant  parallel  system  of  L,  C  and  G,  B^=  Y^=  vr 
whereas  at  very  low  frequencies  B^*  —  and  at  very  high  frequencies  Bc=  uC. 

Relating  the  conductance  of  each  component  to  the  average  total  stored 

Be 

power  in  the  circuit  one  obtains  the  Q  of  each  component  as  Os  — —  and 

"  “n 

the  following  expression  for  the  total  Q_,  which  la  defined  as 

vi- 


B 


B  B 

7T  +  7T  + 
Q1  Q2 
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or 


With  the  aid  of  the  Q-factors  the  losses  In  the  circuit  can  he  evaluated, 
since  the  Q-factors  -ire  characteristics  of  the  components  and  materials  and 
can  be  readily  estimated. 

In  an  antenna  the  active  power  divides  into  tvc  parts:  radiated  pater 
and  dissipated  power.  The  ratio  of  radiated  power  and  stored  power  defines 
the  radiation  power  factor  p  of  the  antenna,  which  plays  an  important  role 
in  efficiency  considerations: 


VV  t 


The  radiation  power  factor  is  the  reciprocal  of  the  radiation  QR 

With  respect  to  efficiency  the  antenna  is  characterized  by  the  following 

data: 


The  effective  susceptance  designating  Che  stored  power 
The  radiation  power  factor  p 

The  loss-Q  of  the  antenna 

The  total-Q  of  the  antenna  Q^. 


B 

c 


VB 


B  /G 
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B  /G 
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With 

_1_  JL  J_  _  J_ 
qt  qr  ql  P  Ql 
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=  °R  gl 
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Tha  efficiency  can  be  expreeeed  as 


°R  I 

'  ■  a;  ■ 

Qt  related  to  the  bandwidth  Ae>  of  the  antenna  considered  as  a  circuit 
loading  the  generator: 

1  ^  Ate 

QT  *  w 


Hence 


JL 

Qt 


<  - > 
'  w  ' 


B 

c 


The  efficiency  bandwidth  product  Is  equal  to  the  radiation  power  factor 
which,  therefore,  is  a  measure  of  performance  of  the  antenna.  Electrically 
small  antennas  have  a  small  radiation  power  factor  because  the  radiation 
conductance  la  small,  and  have  a  which  is  much  smaller  than  1/p  so  that 
the  efficiency  T)  *  p  q.,  ,  and  the  efficiency  bandwidth  product  are  small. 

The  only  way  to  increase  the  efficiency  of  the  small  antenna  is  to  make 
Ql  as  large  as  possible;  i.e.,  decreasing  the  losses, thereby  reducing  the 
bandwidth. 

Electrically  large  antennas,  however,  have  a  large  radiation  power 
factor  because  the  radiation  conductance  is  large.  The  loss  Q.  can  be  small 
or  large  depending  on  the  resonance  conditions.  Parallel  resonance  conditions 
are  favorable  since  ia  then  relatively  large,  resulting  in  p  »  1. 

In  this  case  the  efficiency 


1  -  gl/gr 


can  be  quite  high,  depending  on  Q^. 
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The  antenna  loses  sre  conveniently  determined  from  Qc  of  the  antenna. 

The  controlling  factor  are  the  dielectric  losses  in  the  material  with  which 
the  antenna  is  filled.  Considering  only  the  dielectric  losses  one  obtains 

Qc  =  U*:1/Gi  = 

where  tan®  is  the  loss  tangent  of  the  dielectric.  Measurements  of  the  loss 
tangent  of  asphaltic  material  in  the  frequency  range  0.5  to  30  Me  show 
that  values  ranging  from  50  to  100  and  higher  can  be  obtained.  To  these 
dielectric  losses  ground  and  copper  losses  can  be  added  thus  reducing  Q  . 

Our  measurements  indicate  that  0^  values  of  25  to  40  and  up  to  70,  including 
all  losses,  for  frequencies  up  to  18  Me  are  realizable. 

Both  the  upper  and  leader  limits  of  Q  have  been  used  in  the  computations. 

c 

The  preceeding  results  of  computations  of  the  prototype  annular  slot 
antenna  shew  Chat  the  admittance  of  the  antenna  across  the  slot  is  similar 
i.n  behavior  to  that  of  an  open  ended  transmission  line  with  low  losses.  A 
brief  analysis  of  a  resonant  transmission  line  using  the  basic  energy 
relations  outlined  above  will  be  useful  in  explaining  the  behavior  of  the 
efficiency  and  admittance  dependance  of  the  antenna. 

To  bring  out  the  basic  characteristics  of  the  antenna  in  the  simplest 
form,  we  consider  a  uniform  transmission  line  open  at  both  ends  whose  length 
is  an  integer  multiple  of  quarter  waves  (n  A/4)  and  therefore  displays 
series  resonance  phenomena  for  odd  multiples  of  A/4,  and  parallel  resonance 
phenomena  for  even  multiples  of  A/4.  One  open  end  represents  the  slot  of 
the  antenna.  The  voltage  and  current  distribution  on  the  line  are  practically 
sinusoidal  3ince  the  losses  in  the  line  are  assumed  low.  The  voltage  maximum 
V  appears  A/4  removed  from  the  slot  and  the  current  maxinxim  appears  at  the 
slot  if  the  line  length  is  an  odd  multiple  of  A/4,  and  the  conductance  at 
the  slot  is  high.  The  role  of  V  and  I  are  reversed  if  the  line  length  is 
an  even  multiple  of  A/4  and  the  conductance  at  the  slot  is  low.  In  both 
cases  of  resonance  the  average  stored  power  on  the  line  is 


Bc  is  the  susceptance  representing  the  average  stored  power  in  the  line. 

B  =  *i—  Y  Is  proportional  to  the  characteristic  admittance  Y  of  the  line 
c  4  o  o 

and  proportional  to  its  length. 

The  average  dissipated  power  on  the  line,  considering  both  dielectric 
and  resistive  losses,  is 


Thus  the  line  -Q  is  given  by 


Qc  can  be  estimated  from  the  Q  factor  representing  the  losses  in  the  dielectric 
material  of  the  line,  for  instance  asphaltic  concrete,  and  from  the  Q  factor 
representing  ohmic  losses. 

From  the  radiation  conductance  and  the  average  stored  power  the  radiation 
power  factor  is  determined  as: 


P 


GR  Zo 

n* 


4 
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Finally  Che  conductance  at  the  end  of  the  line,  representing  the  slot, 
Is  needed  for  the  calculation  of  the  efficiency.  Conditions  are  different 
for  the  series  resonant  quarter-wave  line,  and  the  parallel  resonant  half¬ 
wave  linQ.  In  the  first  case  (n  *  1,3,5  ..)  the  current  is  maximum  at  the 

slot  end,  and  the  power  dissipated  in  the  slot  conductance  is  equal  to  the 

2 

total  dissipated  power  In  Che  line:  I  *  V.  This  yields  the  slot 

conductance  for  the  A/4  -  case 


GL  =  Gl/4 


z  2b 

o  c 


n  =  1 1 3  9  5 


(*  Z  ) 


Ql  =  gl  *  K 


/  2L  \2  X 
=  '  4  '  Q 

c 


The  frequency  dependence  of  the  conductance  Gj^  near  resonance  points  is 

characterized  by  a  high  peak  of  magnitude  4Qc/n*  Zq  as  shown  above  and  a 

bandwidth  4w/w  =  ,  where  Au  is  the  difference  of  the  frequencies  at 

O  xc 

which  the  conductance  G^  has  dropped  to  one  half  of  the  peak  value.  Thus 


The  bandwidth  of  the  G,  curve  is  determined  by  the  Q  of  the  line. 

l  c 

Having  found  a  simple  expression  for  and  the  radiation  power  factor  p, 
the  efficiency  at  the  A/4  points  i9  readily  obtained  as 


GR  Zo 
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with 


P  - 

In  most  cases 


V  ^ 


V, 


p  Ql  «  1  so  that 


GdZ 

R  o  ns  _  . 

Qc  4  '< 


^R^o  ns 

<c  4 


Hence  the  efficiency  Is  small  at  the  quarter  wav*-'  resonance  points,  depending 
largely  on  1/QC-  Summarizing  the  essential  points  for  the  X/4  -  case,  we 
find  that: 

4QC 

a)  the  maximum  of  1*  proportional  to  Qc 

o 

is  inversely  proportional  to  the  line  -  Qc  hence  low 

c)  the  <J  of  the  lime,  not  Q.  determines  the  bandwidth  of  the  G  curve: 

CL.  L 

Qc  *  U>q/*B 

d)  the  efficiency  is  small,  proportional  to  GrZo/Qc.  and  the 

efficiency  can  be  estimated  from  a  knowledge  of  Qc  and  the 
characteristic  impedance  Zq. 

In  the  half-wave  resonance  points  (n  =  2,4,6  ...)  conditions  are  inverse 

to  those  at  the  quarter-wave  resonance  points.  The  voltage  is  maximum  at 

the  slot  end.  Thus  vV  ,,  =  W.  This  yields  the  slot  condu-  snce  for  the 

V® 

x/2  case 

B 

_  „  W  c  n» 

GL  =  Gl/2  M  y2  a  Qc  =  4QcZo 

and 

Ql  =  Bc/Gl  =  Qc 
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The  frequency  dependence  of  the  conductance  Gj  ^  around  the  resonance  points 
Is  characterized  by  a  very  small  variation  with  frequency,  and  a  small 
magnitude  of  G^ ^  The  bandwidth  is  broad.  The  relation  between  the  minima 
of  Gj  .g  at  the  A ,  2-  points  and  the  maximum  of  the  first  A/4  point  in  =  1)  is 


n  Y 


1/2 


2  2ci  'A 

o  1/4 


1/4 


n  =  2,4,6 


^  anc*  G^  ^  are  inverse  to  each  other. 


The  efficiency  at  the  A  '2  -  points  is 

PQ, 


T)  = 


l^T  1  +  - - 


_  ns 

GdZ  Q  '4 
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with 


GRZ  4  . 

p  -  -!L_2 —  and  pQ  =  G_Z  Q  -V 
nix  L  R  oxc  nr 


If  Q  is  sufficiently  large,  then  pQ.  »  1  and 

C  JL 


nix  1 

4  VA- 

Roc 


can  assume  values  greater  than  0.8,  thus  yielding  efficiencies  of  80  percent 
and  more. 

Following  are  the  essential  results  for  the  A/2  -  case. 

a)  The  slot  conductance  is  not  constant,  but  varies  strongly 

with  frequency,  assuming  low  values  at  the  A/2  -  resonances, 

and  high  values  at  the  A  4  -  resonances.  The  minimum  value 

of  is  inversely  proportional  to  Q  . 

vc  o  c 
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b)  Q,  •  Q  .  Q.  !•  determined  directly  by  the  line  -  Q  , 

LCL  C 

c)  The  efficiency  for  sufficiently  high  line  Qc  is  high  and  can  be 
estimated  from  a  knowledge  of  Qc  and  ZQ. 


Having  outlined  the  behavior  of  the  antenna  at  the  resonance  point  there 
regains  to  outline  tie  frequency  d*^»fwi*«ce  of  the  antenna  In  the  region 
below  the  flrat  quarter -wave  resonance.  The  antenna  behaves  similar  to  a 
short  open-ended  transmission  line  with  s  comparatively  high  Qc>  The 
conductance  at  the  slot  end 


2Y  Q  0* 

_ 2— £. - j- 

4Qc2ctg2(0O+<0!)2 


*o(0*)3 

2QC 


where  the  second  expression  is  an  approx in it ion  for  «  1  ;  i.e. ,  for 
small  line  length  t  coopered  to  the  wavelength.  For  this  case  the  radiation 
conductance  la  approximately 


GR  "  ^3?0~  accord*n8  to  equation  (2.8),  and  the  efficiency 


Q  Jk<) 

_ c _ 


1  + 


vs 


180  Yo  (£)  +  Qckf 


q  z  on 

c  o 

180  (d/k)4 


for  kf 


1. 


with 


0/k  =  xo/xc 

X  3  wavelength  in  air 
o 

Xc  =  wavelength  on  transmission  line. 
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For  an  electrically  mail  antenna  (fit  «  1 )  the  radiation  conductance 
Gr  la  very  email  ao  that  a  small  load  conductivity  and  hence  a  large  Qc  are 
required  to  get  the  beat  poaalble  efficiency.  Tie  efficient  proportional 
to  and  increases  linearly  with  fit,  l.e. ,  with  frequency  for  cone cant 
length. 

aft!  the  frequency  increaaea  and  the  quarter  wave  resonance  la  approached 
G^*»  — -y|-  becomes  large  end  the  efficiency  drops  to  a  minimus  at  the  quarter 
wave  $oint.  At  a  frequency  below  the  quarter  wave  resonance  e  maxlaum  of 
efficiency  ia  reached  at  a  point  where  the  rapid  increase  of  GR  la  out¬ 
weighed  by  the  Increase  of  the  loss  conductance  C^.  A  cooper la on  of  the 
results  of  the  pr acceding  transmission  line  nodal  with  the  computations  of 
the  admittance  end  efficiency  of  the  annular  slot  antenna  yields  the  following 
table,  which  suanarizea  the  basic  facta. 
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Two  kind*  of  resonance  phenomena  (Q^  »  1) 

Series  or  X/4  Resonance  Parallel  or  X/2  Resonance 

at  cutoff  frequencies  in  between  cutoff  frequencies 

Slot  Suacepumce 

*r  *  0  *t  : 0 

Large  negative  slope  dB^/dw  Small  positive  slope  dB^/dw 


proportional  to  Qc 

„  .S. 
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High  sharp  weal  mm 
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Low  losses 

Radiation  Power  Factor 


PQL*f 


G„Z 


5tgr  Z0 
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Efficiency  q 
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Deep  end  sharp  minimum  Flat  maximum 

The  bandwidth  of  the  q  vs  frequency 
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In  both  cun:  With  a  knowledge  of  the  lost  Q  and  the  characteristic 

Impedance  Z  the  quantities  G^,  Q^,  —  end  q  c«n  be  estimated. 

o 

The  cavity  acts  similarly  to  e  rad lei  transmit* ion  line  consisting  of  the 
disk  and  the  ground  plane  (bottom  of  cavity).  The  line  length  is  approximately 
equal  to  the  average  slot  radius  Pq  -  (a  b)/2.  The  characteristic  Impedance 
varies  with  radius.  The  resonance  phenomena,  as  described  in  above  table, 
are  therefore  shifted  In  frequency,  but  they  are  in  principle  the  same  as 
those  of  Che  uniform  transmission  line. 

2. 1.4.2  Results  of  Computations  of  Efficiency 

The  efficiency  of  the  annular  slot  (Figure  2-1)  has  been  computed  and 
is  plotted  in  Figure  2-11  by  using  q  *  gr/GT'  Th*  "“in  •ource  of  1* 

the  dielectric  material  which  fills  the  cavity.  These  losses  are  taken  into 
consideration  by  using  a  complex  wave  number 

h  •  ”  VvT  fUt, 

where  -  is  the  loss  tangent  of  the  dielectric,  and  the  reciprocal  of  this 

“*1  W€ 

is  the  Q  factor:  Q0  *  -jp  as  value  of  70  *  Q0  was  chosen.  This  actually 

includes  all  the  losses  in  the  antenna.  Considering  the  curve  marked  "0" 
debris  in  Figure  2-11,  and  2-12  the  following  results  are  obtained: 

At  the  cutoff  frequencies  the  efficiency  drops  to  very  low  values, 
causing  deep  notches  in  the  efficiency  curve. 

At  the  same  frequencies  the  curve  (Figure  2-6)  passes  with  a  high 

slope  through  aero  and  the  G^,>»  G^  curve  (Figure  2-7)  has  a  high,  sharp 

peak.  Thus  all  typical  series  resonance  phenomena  are  exhibited.  The 

bandwidth  of  the  G_  and  q  curves  ~  *  according  to  the  assumed  Q  .  From 
T  (t)  70  C 

o 

G  =4,3  mho  and  1.6  oho  at  the  first  and  second  cutoff  frequency  an  estimate 

o 

of  the  characteristic  impedance  Z  ■  210  and  190  respectively  is  obtained, 
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using  the  relation  G.  »  4Q  /(n*  Z  ).  The  radiation  power  factor  is  compara- 

Li  C  O 

tively  high  for  all  frequencies  beyond  the  first  cutoff  frequency,  butpQ.~p/Q 

L  C 

is  low  because  of  the  high  Qc,  so  that  the  efficiency  is  very  low.  The  high 
loss  conductances  at  the  cutoff  frequencies  have  a  shunting  effect  on  the 
slot  and  thus  cause  these  efficiency  notches. 

At  f  =  18.5  He  we  find  the  typical  phenomena  of  parallel  resonance: 

s  Q,  and  ^he  curve  has  a  small  slope  at  this  frequency,  the  loss 

conductance  G.  and  therefore  the  losses  are  very  low,  down  by  a  factor  of 

2  L 

2/Zq  ~  1/200  from  its  value  at  the  first  cutoff  frequency,  and  also  smaller 
than  Gj..  The  efficiency  is  therefore  high,  reaches  about  88  percer  and 
exhibits  a  flat  maximum.  Using  the  linear  transmission  line  formu  s  similar 
results  are  obtained  by  using  Q  =35  and  Z  =  20,  and  G  =  20  millimoho 

CO  R 

as  obtained  from  Figure  2-8,  This  gives  p  =  0.255,  pQ  =8.9  and  q  = 

1  c 
V  =  (1  -  g  q  ■)  100  =  89  percent. 

It  can  be  seen  from  Figure  2-11  and  2-12  that  the  optimum  operating 
frequency  band  of  the  annular  slot  antenna  is  between  the  first  and  second 
cutoff  frequency.  This  particular  antenna  with  a  cavity  radius  of  20  feet 
is  capable  of  covering  a  frequent y  band  of  2:1,  extending  from  12.8  to  25.8  Me 
with  an  efficiency  higher  than  25  percent. 


Below  the  first  cutoff  frequency  there  is  a  maximum  of  efficiency  which, 
however,  is  much  lower  than  the  main  efficiency  maximum, because  at  this  low 
frequency  x  =  kPQ  is  small  and  therefore  the  radiation  concuctance  GR  is 
small.  This  maximum  is  at  8  Me  and  reaches  a  value  of  29  percent.  The 
explanation  of  the  maximum  is,  that  at  low  frequencies  G  increases  with  the 
fourth  power  of  the  frequency,  but  G  increases  only  with  the  third  power, 

La 

as  outlined  earlier.  As  the  cutoff  frequency  is  approached  the  increase  of 

slows  down,  but  increases  fgst  and  reaches  a  high  value  at  the  cutoff 

frequency.  The  maximum  of  7 j  =  - — ^  lies  there  where  the  rate  of  increase 

GR  +  °L 

of  G  and  G,  are  the  same. 

K.  L 


34 


GR  +  GL 


At  very  low  frequencies  the  efficiency  is  very  lew,  amounting  only  to 
a  few  percent  and  less. 

Above  the  second  cutoff  frequency  another  efficiency  maximum  is  reached 
which  is  however  lower  than  the  main  maximum  because  losses  increase  at  the 
higher  frequencies. 

It  is  evident  from  these  observations  that  the  optimum  frequency  range 
of  operation  of  the  annular  slot  antenna  is  between  the  first  and  second 
cutoff  frequency. 

The  effect  of  varying  the  cavity  depth  h  is  shown  of  Figure  2-13.  This 
shows  efficiency  curves  for  two  cavity  depths:  Zi  =  2.5  ft  andZ^  =  10  ft 
this  is  1/2  and  2  times  the  cavity  depth  which  was  used  in  Figure  2-11.  The 
cutoff  frequencies  remain  unchanged.  The  effect  of  Increasing  the  cavity 
depth  from  2.5  ft  to  10  ft  is  to  slightly  broaden  the  efficiency  curve.  The 
difference  in  efficiency  near  the  maximum  is  small,  amounting  only  to  a  few 
percent.  However  at  frequencies  closer  to  the  cutoff  frequencies  the  efficien¬ 
cy  of  the  deeper  cavity  can  be  2  or  3  times  greater.  It  is  to  be  expected, 
of  course,  that  the  deeper  cavity  gives  higher  efficiencies,  but  the  gain  in 
efficiency  is  at  the  expense  of  volume;  i.e.,  cost.  The  10  foot  cavity  has 
4  times  the  volume  than  the  2.5  foot  cavity  and  therefore  would  cost  about 
4  times  as  much  since  the  whole  cavity  has  to  be  filled  with  dielectric 
material.  In  view  of  these  facts  a  cavity  depth  of  5  feet,  as  has  been 
chosen  for  the  computations  appears  to  He  a  practical  compromise. 

2. 1.4.3  Effects  of  Debris  on  The  Annular  Slot  Antenna 

In  the  preceeding  section  the  performance  of  the  annular  slot  antenna 
under  normal  conditions  has  been  described;  i.e.,  with  no  layer  of  lossy 
dielectric  above  the  top  hat. 

An  analysis  of  the  performance  of  this  cavity-backed  annular  slot 

antenna  -  without  a  lossy  layer  over  it  -  had  been  worked  out  by  Galejs  and 
4 

Thompson  and  could  be  used  to  compute  the  admittance  appearing  across  the 
slot  due  to  the  asphalt  filled  cavity.  This  analysis  has  been  extended  by 
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Gale j a  and  Rear  and  has  been  used  for  the  computations.  This  analysis  was 
originally  designed  for  electrically  small  antennas.  Only  a  linear  fif’d 
distribution  across  the  slot  was  considered.  At  the  higher  frequencies  the 
slot  width  may  be  a  considerable  fraction  of  the  wavelength,  and  s  different 
field  distribution  may  result.  It  la  therefore  possible  that  the  validity 
of  the  analysis  in  its  present  form  is  limited  to  the  lower  frequencies. 
Results  of  measurements  indicate  that  good  agreement  between  theory  and 
measurements  is  reached  up  to  the  second  cutoff  frequency  of  the  cavity. 

Above  this  cutoff  frequency  measured  efficiencies  are  considerably  lower  than 
theoretically  predicted.  However  this  can  have  several  reasons,  and  need 
not  necessarily  reflect  on  the  invalidity  of  the  analysis.  It  is  well 
possible  that  greater  losses  in  the  antenna  are  Incurred  at  the  higher 
frequencies  which  were  not  accounted  for.  The  results  of  the  computation 
are  therefore  presented  with  this  reservation. 

Figure  2-14  shows  the  geometry  of  the  model  adopted  for  the  debris 
analysis.  The  top  hat  is  backed  with  a  conducting  cavity  of  radius  b  and 
depth  The  cavity  is  filled  with  a  lossy  dielectric  with  wave  number 

which  also  overlies  the  top  hat  to  depth  d.  In  practice  this  dielectric 
will  be  asphaltic  concrete.  The  debris  then  la  represented  by  a  uniform 
layer  of  conductivity  »  u  e The  space  above  the  ground  plane  instead 
of  being  infinite  is  bounded  at  radius  C  by  perfectly  conducting  cylindrical 
walls  so  that  it  forma  a  circular  waveguide  of  diameter  large  compared  to 
a  wavelength.  The  reason  for  choosing  a  waveguide  is  that  there  are  funda¬ 
mental  analytical  difficulties  in  treating  the  problem  of  radiation  into 
an  inhomogeneous  half  space  such  as  made  up  of  conducting  dielectric  layers 
of  finite  thickness.  It  can  be  shewn  that  the  calculations  of  the  slot 
admittance  are  made  practicable  if  the  slot  is  assumed  to  radiate  into  a  wide 
waveguide  instead  of  an  inhomogeneous  half  space.  Since  the  admittance  of 
the  waveguide  of  finite  diameter  approximates  the  admittance  for  an  inhomo¬ 
geneous  half  space  and  the  fields  In  the  vicinity  of  the  slot  are  not  affected 
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by  the  presence  of  the  waveguide  wells,  which  ere  far  removed  from  the  slot, 
this  geometry  yields  realistic  susceptances  end  also  realistic  estimates  of 
losses  in  the  lossy  dielectric  and  debris  layers. 

Using  this  model  the  slot  admittance  follows  as 
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Ihe  reflection  coefficient  B  is  determined  from  the  requirement  that 
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The  reflection  coefficient  B  .  are  determined  after  matching  the  E„  and  HA 
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components  across  the  dielectric  interfaces  at  z  =  and  z^.  A  computation 
results  in 
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and  where  J  ■  1  or  1.  The  computation  starts  by  determining  B^  with  B^a  0 
(there  are  only  outgoing  waves  for  z  >  t^) .  This  value  of  is  then  used 
for  computing  B^,  which  completes  the  determination  of  the  slot  admittance. 


The  radiation  conductance  may  be  determined  after  computing  the 
power  flow  for  c  >  ii  given  by 
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These  formulas  have  been  evaluated  by  a  digital  computer  both  for  the 
annular  slot  antenna  of  Figure  2-1,  and  for  the  large  Warrensburg  antenna. 

The  results  for  the  20  ft  cavity  radius  antenna  of  Figure  2-1  are  shown  in 
Figures  2-6,  2-7,  2-8,  and  2-11  for  a  1  and  2  foot  debris  coverage  together 
with  curves  for  no  debris  coverage,  marked  "0"  debris.  For  these  computations 
a  debris  conductivity  ^  =  0.01  mho/m  and  dielectric-  constant  c^=  6  were  taken. 
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Extensive  measurements  of  soil  conductivity  In  Warrensburg,  Missouri,  and 
comparison  with  other  measurements  (see  Appendix  A)  indicate  that  these  are 
realistic  values  for  the  frequency  range  2-30  Me.  Following  are  the  resulta 
of  computations  of  debris  effects  fer  the  20  ft  antenna  Figure  2-1.  Figure 
2-6  shows  the  effect  of  a  1  foot  and  2  foot  debris  coverage  ( <J  =  0.01  nho/m) 
on  the  susceptance  Br  of  the  antenna.  The  curves  marked 

A,  *  (B  )  debris  *^Vl  foot  debris  and 
i  l  o 

*2  *  {Vo  debris  "{V2  feet  debris 

indicate  the  change  of  susceptance  by  1  feat  ar.d  2  feet  debris  coverage 
respectively.  For  1  foot  of  debris  A^  is  always  negative.  This  means  that 
the  total  susceptance  with  debris  is  positive  almost  over  the  whole  frequency 
range,  except  at  a  frequency  which  is  slightly  greater  than  the  cutoff  frequency 
between  (11.?  -  11.9  Me).  The  change  of  sign  of  BT  at  the  second  cutoff 
frequency  disappears  and  the  parallel  resonance  frequency  (B^  *  0)  no  longer 
exists.  The  debris  therefore  increases  the  capacity  of  the  antenna.  The 
same  is  true  for  the  2  foot  debris  coverage.  The  susceptance  B^.  remains 
positive  at  the  first  cutoff  frequency,  but  changes  sign  at  the  second 
cutoff  frequency.  The  parallel  resonance  frequency  (B^  *  0)  is  still  present, 
but  shifted  to  a  higher  frequency  (~  21.5  Me). 

Figure  2-8  shows  the  effect  of  debris  on  the  redlstion  conductance.  This 
is  increasingly  reduced  with  increasing  height  of  debris.  The  reduction  of 
Gr  is  roughly  40  percent  for  the  2  foot  coverage  at  the  high  frequency  end, 
and  decreases  to  about  25  percent  at  10  Me. 

Figure  2-7  illustrates  the  effect  of  debris  on  the  total  conductance 
=  Gr  +  G  .  At  the  cutoff  frequencies  peaks  up  to  high  values.  These 
peaks  are  hardly  affected  by  the  height  of  debris.  Away  from  the  cutoff 
frequencies  G^  is  much  lower  and  is  substantially  increased  as  the  debris 
cover  increases. 
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Of  particular  interest  la  the  effect  of  debris  on  the  efficiency,  which 
is  calculated  as  i}  ■  G^/GT-  This  is  shown  on  Figures  2-11  and  2-12.  Both 
figures  contain  the  same  information,  Figure  2-11  on  a  seailog  scale. 

Figure  2-12  on  a  linear  scale. 

Considering  the  optimum  frequency  range  between  the  two  cutoff  frequencies 
ona  finds  that  the  reduction  In  efficiency  between  the  maxims  of  the  0  and  1 
foot  debria  curves  is  from  0.9  to  0.3  (i.e.,  about  5  db)  and  between  the 
maxima  of  the  1  and  2  foot  curves  is  from  0.3  to  0.15  (l.e.,  about  3  db). 

This  indicates  that  the  first  foot  of  debris  coverage  causes  the  greatest 
degradation  whereas  additional  debris  coverage  causes  a  relatively  smaller 
degratlon.  In  other  words  the  degradation  of  efficiency  is  not  proportional 
to  debris  thickness,  but  increases  at  a  less  than  linear  rate. 

Looking  now  at  the  efficiency  mexima  at  the  frequencies  below  the  first 
cutoff  frequency  one  finds  that  the  efficiency  peak  with  zero  debris  is  about 
1/3  of  the  peek  in  the  optima--  range.  Furthermore  this  peak  is  now  reduced 
to  l/6(by  -  8  db)  by  a  1  foot  debris  coverage,  whereas  the  second  foot  of 
debria  causes  a  further  reduction  of  only  1.6  db.  Thus  the  electrically 
smell  antenna  suffers  wch  -sore  by  debris ,  particularly  for  the  first  foot 
of  coverage,  then  the  larger  antenna.  This  again  points  out  that  the  optimum 
operating  range  is  between  the  first  and  second  cutoff  frequencies. 

Beyond  the  second  cutoff  frequency  the  curves  show  s  very  marked  increase 
of  efficiency  which  almost  reaches  rhe  same  level  of  the  peak  between  first 
and  second  cutoff.  It  must  be  pointed  cut  however,  that  these  high  efficien¬ 
cies  beyond  the  second  cutoff  frequency  could  not  be  measured  with  the 
Warrensburg  antenna,  so  that  It  is  questionable  if  such  high  efficiency 
are  realisable  in  practice.  There  are  a  number  of  reasons  explaining  the 
lower  efficiencies  at  the  high  end  of  the  bc.-sd  which  are  discussed  elsewhere 
in  this  report. 
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2.1  EXPERIMENTAL  INVESTIGATION  AND  COMPUTATIONS  FOR  THE  HP  ANNULAR 

SLOT  ANTENNA  LOCATED  IN  UARRENSBURG.  MISSOURI 

2.2.1  Introduction 

The  resules  of  our  Initial  studies  in  the  field  of  Hardened  HF  Antennas 
indicated  that  the  annular  slot  antenna  shown  in  Figure  2-15  has  desirable 
electrical  and  mechanical  properties  (i.e.,  hardness  capability  to  withstand 
high  overpressures)  warranting  further  study.  Following  the  theoretical  ana¬ 
lysis  of  the  performance  of  this  antenna  in  the  HF  band  as  presented  in 
Section  2-1  an  experimental  investigation  of  a  full-scale  HF  annular  slot 
(approximately  56  feet  in  diameter)  in  Uarrensburg,  Missouri,  was  carried  out. 
The  performance  of  the  actual  model  ia  in  cloae  agreement  with  the  theoretical 
predictions  from  approximately  2  -  15  Me  and  deviates  from  theoretical  pre¬ 
diction  in  the  15  to  30  Me  region.  This  section  presents  a  detailed  report 
of  measured  performance  in  the  HF  annular  slot  antenna  in  Uarrensburg  with 
and  without  a  debris  cover. 


2.2.2  Annular  Slot  Computation 

Based  upon  the  theory  for  the  annular  slot  antenna  presented  In  Section  2.1 
and  using  the  physical  parameters  of  the  Uarrensburg  Antenna  a  theoretical 
solution  tor  the  efficiency  and  admittance  of  a  full  scale  annular  slot  antenna 
was  generated  in  the  frequency  range  2  -  30  Me. 


The  parameters  used  for  the  computation  are: 


Average  slot  radius 
Cavity  depth 

Qc  representing  all  losses 

Dielectric  constant  of 
asphaltic  concrete 


p  =  28  feet 


Z^=  5  feet 
Qc” 


v  3-65 


Debris  constants  used  in  the  computer  solution  were  obtained  from  the 
debris  measurements  made  in  Uarrensburg.  The  measured  value  of  debris  con- 
conduct  lvit v  varied  from  approximately  10  3  to  30  x  10  3  mho  As  from  2  to  30  Me. 
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figjn  2-15.  Configuration  for  a  Hardonod  Annular  Slot  Antonne. 


Computer  volution*  wore  (tniiiud  for  a  equal  to  1.5,  5.5,  10  and  30  nllllahoa 
and  then  appropriate  value  baaed  on  the  debrie  conduct lv It  lea  data  plotted 
in  Figure  3-13  in  Section  3.3.9  vara  uaed  to  plot  the  theoretical  efficiency 
vereug  frequency  curve  In  Figure  2-31.  A  full  unifora  cover  of  debria  having 
chickneaaea  of  12  and  24  inches  waa  assumed  in  the  theoretical  computer 
solutions.  This  represents  the  vorst  possible  debris  loading  condition, 
probably  more  pessimistic  than  reality.  Studies  in  the  area  of  debris 
loading  indicate  situations  whereby  the  debris  as  e  reeult  of  nuclear  weapon 
would  be  randomly  distributed  in  mounds  of  varying  height#  over  the  surface 
of  the  antenna.  Soma  portions  of  tha  antenna  would  ba  loadad  one ,  two,  or 
several  feat  depending  upon  weapon  yiald  and  range,  and  othera  would  be  clear 
of  debris.  Operation  of  the  entenras  in  such  an  environment  would  always  be 
better  then  that  under  a  full  uniform  debria  layer.  Measurements  st  Sylvania 
showed  no  degradation  in  the  annular  slot  performance  over  the  no  debris  caaa 
when  only  the  top  hat  was  covared  with  debris;  i.e.,  the  slot  not  covered. 
Degradation  occurred  only  whan  the  elot  was  covered  with  debris. 

2.2-3  Discussion  of  Predicted  Results 

The  results  ot  deputations  using  the  parameters  listed  in  Section  2.2 
are  presented  in  the  Following  figures.  Figures  2-16  and  3-17  present  the 
inside  conductance  G^n  due  to  cavity  loaaea,  and  the  Inside  susceptance  Bln 

reflected  by  the  cavity  as  a  function  of  frequency.  The  series  and  parallel 
resonance  conditions  showing  the  cutoff  frequencies  and  anti -resonance  fre¬ 
quencies  characterized  by  the  maxima  and  min Ins  of  the  conductance  are  clearly 
indicated. 

Scries  resonance  (cutoff)  frequencies  are  at  6,  14,  22. 6  Me 

Parallel  resonance  frequencies  are  at  11.5,  21.  30  Me 

The  maxiimir  conductances  at  the  cutoff  frequancies  taken  from  Figure  2-16, 
and  the  effective  Qc  computed  from  the  bandwidth  of  these  curves,  together 
with  effective  characteristic  impedance,  computed  from  Q  and  G, 

C  L  KUIX 

(Z  5  4  O  /n*  G, )  are  listed  in  Tsble  la. 
o  c  L 


vs  FREQUENCY 


'O'3 1 _ I _ i _ 1  1 _ |  | _ I _ I _ I _ I _ I _ I _ L 

7  4  6  8  10  I?  16  18  »  ??  ?4  ?6  28 

FREQUENCY  IN  MC 


Figure  2-16.  Computed  Inside  Conductance  of  Warrendburg  Antenna  Versus  Frequency 
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TABLE  la 


f 

CO 

£in 

% 

Z 

o 

He 

mho 

ohm 

6 

0.76 

15 

25 

14 

0.42 

15 

15 

22.6 

0.22 

15 

17 

There  la  e  greet  difference  between  the  maximum  and  minimum  conductances  as 

seen  from  the  curves  in  Figure  3-16,  end  the  maximum  conductance  at  the  cutoff 

frequencies  is  quite  high.  The  Qc  taken  from  the  bandwidth  of  the  G-curve  is 

lower  than  the  Q  which  was  used  for  the  computation  (Q  =  25) .  It  appears 
c  c 

that  Qc  when  used  for  crude  estimates  should  be  about  1/2  of  the  cavity  filler 
material . 

Figures  2-18  and  2-19  show  the  conductance  Re^YQ]=  Go  and  susceptance 

I  m  y  |-  B  which  are  due  to  the  field  outside  the  cavity.  This  outside 
oJ  o 

admittance  is  affected  by  the  cover  of  asphalt  above  the  disk  and  the  debris 
layer,  whereas  the  Inside  admittance  is  not  affected  by  these- 

The  outside  conductance  Gq  shown  in  Figure  2-18,  is  practically  identical 
with  the  radiation  conductance,  if  no  debris  is  present.  The  only  difference 
stem  from  the  losses  in  the  asphalt  cover  above  the  disk.  Debris  increases 
the  outside  conductance  by  adding  losses,  due  to  dissipated  power,  to  the 
radiation  conductance. 

Figure  2-19  showa  the  variation  of  the  outside  susceptance  with  fre¬ 
quency.  It  sterna  from  the  fringe  capacity  of  the  disk  against  the  outside 
space.  The  susceptance  curve  shows  a  flat  portion  indicating  a  decrease  of 
the  fringe  capacity  with  frequency  in  this  range.  The  effect  of  debris  is 
generally  to  increase  the  susceptance. 
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Figure  2-20  shows  Che  variation  of  the  radiation  conductance  vith 
frequency.  The  difference  Cq  -  G^  represents  the  effect  of  debris  and 
asphalt  losses  in  the  asphalt  blanket  above  the  disk.  At  low  frequencies 
there  is  no  effect  of  debris  on  GR.  At  the  higher  frequencies  the  curves 
separate  and  increases  with  thickness  of  debris  cover.  This  increase  of 
with  debris  does  not  show  up  if  the  debris  conductivity  is  chosen  higher 
than  it  is  here,  as  is  apparent  from  a  comparison  witr  Figure  2-8  where  the 
debris  conductivity  is  0.01  mho/ra.  It  is  doubtful  if  the  increase  of  GR  as 
shown  in  Figure  2-20  is  realistic  or  due  to  inaccuracy  of  the  theory  at 
higher  frenuencies  resulting  from  idealizations  in  the  assusiptions . 

The  final  result  of  this  computation  is  presented  in  Figure  2-21 
showing  the  variation  of  efficiency  with  frequency.  Points  of  maximum 
efficiency  and  debris  degradation  are  listed  in  Table  lb:  The 
last  two  coluans  contain  the  radiation  power  factor  and  estimated  efficiency 
at  parallel  resonance  using  the  transmission  line  approximations  and  and  Zq 
listed  in  the  preceeding  Table  la.  The  maximum  efficiencies  range  between  - 
603?  to  803?  without  debris  for  the  first  two  parallel  resonance  frequencies. 
Comparison  with  the  crude  estimate  based  on  the  simple  transmission  line 
mode  indicates  that  the  maximum  efficiency  can  be  estimated  with  a  fair  degree 
of  accuracy  if  the  effective  loss  is  assumed  about  one-half  of  the  Q  of 
the  dielectric  filling  the  cavity.  The  first  maximum  of  efficiency  at  4  Me 
is  low  since  the  cavity  radius /Vavelength  ratio  is  low  at  this  frequency 
and  there  does  not  exist  a  parallel  resonance  condition  at  this  point,  which 
would  reduce  the  effective  losses  appearing  across  the  slot.  Degradation  from 
debris  is  predicted  as  ranging  from  1  to  10  db  for  a  one  foot  debris  cover, 
and  increasing  to  2  to  14  db  for  ?  feet  of  debris  cover. 

The  versatility  of  the  computer  program  permitted  the  theoretical  in¬ 
vestigation  as  to  the  effect  of  the  thickness  of  the  asphalt  blanket  for  a 
40  foot  diameter  annular  slot  optimized  for  operation  from  10  to  30  Me  on 
the  radiation  efficiency.  As  shown  in  Figure  2-22,  the  efficiency  of  the 
anrenna  is  essentially  independent  of  asphalt  blanket  thickness  whether  or 
not  a  debris  cover  ia  present,  thus  Che  criterion  for  this  parameter  is 
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2-30.  Computed  Radiation  Conductor*:*  of  Warramburg  Antonna 
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Figure  2-21.  Theoretical  Efficiency  Versui  Frequency. 
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CONDiTION  2 


AT  FKQ*  30  MC 
SLOT  0.0  >  40* 
SLOT  1.0-30' 
CAVITY  HEIGHT  -  5* 

'asphalt  "  7,< 

°  ASPHALT  "  70 
*  DEMIS  “  6 
° DEMIS 


0  D«  -  100%  EFFICIENCY 


determined  by  thermal  ablation  requirements.  For  a  multiple  hit  capability, 
a  two  foot  asphaltic  blanket  ia  indicated  from  theoretical  ablative  con- 
eider  at  ions. 


Comparisons  of  the  above  mentioned  predicted  performance  parameters 
with  actual  measurements  for  the  annular  slot  in  Warri  burg  are  presented 
in  Sections  3.2.5  and  2.2.9. 
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2.2.4  Warrensburg  Antenna  Site 


The  conf iguration  end  dimensions  of  the  H T  annular  slot  antenna  are 
shown  in  Figure  2-23.  the  antenna  consists  of  a  ground  mat  63  feet  in  diameter, 
a  top  hat  48  feet  in  diameter,  and  a  slot  width  of  7.5  feet.  Spacing  between 
top  hat  and  ground  mat  is  approximately  4.5  feet. 

The  antenna  is  completely  embedded  in  asphaltic  concrete  having  a  0  of 
25  and  a  dielectric  constant  of  3.65.  An  access  hole  is  provided  in  the 
center  of  the  antenna  for  making  connections  from  the  underground  coaxial 
feed  cable  to  the  antenna  input  terminals.  A  test  shed  located  approximately 
287  feet  from  the  antenna  feed  point  was  used  throughout  this  experimental 
program  for  exciting  the  antenna  and  performing  input  impedance  measurements. 
The  radiated  field  intensity  along  the  ground  was  measured  at  a  point  385 
feet  frers  the  antenna.  Figures  2-24  and  2-25  indicate  the  experimental  test 
set-up  at  Warrensburg  and  expanded  view  of  access  hole.  Photographs  in 
Figures  2-26  and  2-27  show  profile  views  of  the  annular  slot  antenna. 

Electrical  measu laments  made  on  the  RG-220  coaxial  feed  cable  indicated 
a  physical  cable  length  of  287  feet.  Cable  measurements  also  showed  that  the 
feed  line  is  a  multiple  half  wavelength  (i.e. ,  series  resonant)  at  the 
following  frequencies. 

f m  «  1.15  m  where  m  ■  1,2, 3, 4, . 

**  in  me 


The  frequencies  at  which  the  line  length  is  a  multiple  quarter  wavelength 
or  anti  resonant  is  as  follows: 

f^  -  0.575  n  where  n=  1,3, 5, 7  ...  (odd  integer) 

in  me 


.Electrical  line  lengths  were  established  for  each  of  the  interested 
frequencies  in  the  HF  band  (2  to  30  Me)  and  having  the  measured  value  of 
antenna  input  impedance  at  the  shed  (i.e.,  *  standard  transmission 
line  techniques  were  used  to  roll  back  the  impedance  toward  the  antsnra 


terminals  to  establish  the  input  impedance  or  Z 


ant 


Lumped  LC  networks  or 


appropriate  series  capacitors  were  used  to  efficiently  match  the  antenna  for 


'.tens 


s'iirsricnt  s  * 
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Figure  7-23.  Configuration  of  the  Worreniburg  Antenna. 
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OF  DEMIS  CONSTANTS  8Y  METHOD  2 


Figure  2-24.  Experimental  Set-up  ot  Warrensburg. 
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TO  TOF  HAT 


GROUND  SCREEN  ON  PLATFORM 


^>9***  2-25.  Expanded  View  of  Access  Hole  Showing  Electrical  Connection  to  the  Antenna. 
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2.2.5  Manured  Termtoal  Input  Impedance  and  Field  Intensity 


Measurements  were  made  as  to  ths  terminal  input  impedance,  and  radiated 
£ield  intensity  along  the  ground.  These  were  made  for  the  following  con¬ 
ditions  shown  in  figure  2-28. 

(a)  Antenna  with  no  debris  cover 

(b)  Antenna  under  condition  1 

(c)  Antenna  under  condition  2 

(d)  Antenna  under  condition  3 

The  soil  in  the  vicinity  of  the  antenna  was  used  to  provide  a  debris 
cover  for  these  measurements.  Electrical  measurements  were  made  on  random 
samples  of  the  soil  so  as  to  establish  debris  parameters  for  the  cover.  A 
detailed  discussion  of  the  test  procedure  and  tabulation  of  debris  parameters 
for  the  HP  region  is  given  in  Section  2.2.8  of  this  report. 

Input  impedance  measurements  for  the  antenna  are  presented  in  the  smith 
plots  of  Figures  2-29  through  2-34. 

The  field  intensity  as  measured  on  the  ground  at  the 'test  point  located 
385  feet  from  the  antenna  is  plotted  in  Figures  2-38  through  2-38.  All  curves 
have  been  referenced  to  the  theoretical  field  strength  at  385  feet  for  a 
short  vertical  monopole  (of  100  percent  efficiency)  having  a  power  input 
of  1  watt.  This  corresponds  to  a  field  intensity  along  the  ground  of  98  db 
above  1  pv/m;  therefore,  the  left  hand  ordinate  in  Figures  2-35  through  2-38  is 
field  strength  along  the  ground  in  db  referenced  to  a  short  vertical  monopole. 

The  right  hand  ordinate  for  Figures  2-35  through  2-38  is  the  deviation  froo. 
theoretical  monopole  (100  percent  efficiency)  for  the  Warrensburg  annular  slot 
antenna  as  derived  from  the  computer  solution  and  includes  the  effects  of 
loblng  ( i.  e. ,the  K-factor  discussed  in  Section  2).  Taking  the  difference 
(in  db)  between  the  solid  and  the  dotted  curves  of  the  field  intensity  plots 
provides  the  antenna  efficiency,  either  theoretical  or  measured,  for  the 
antenna.  Fo.  example,  Figure  2-35  is  a  plot  of  the  field  intensity  with  no 
debris  cover.  At  12  Me,  we  have 
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B^  *  "  92 . 2  db  masfurad  for  Marreneburg  Antenna 

>2  “  *£i#l<3  *  93.5  db  theoretical  for  Nirrouburg  Antenna 

B~  «•  I,.  , .  m  96.4  db  for  theoretical  annular  slot  of  100  percent 
3  field  of£lciancy 

(Theoretical  Bfflciency) nthao>-  B2-  «3  -  (93.5  -  96.4) Ab  »  -  2.9  db  or  51* 
(Measured  Bfflciency)  *  *1  ‘  ■  (92.2  -  96.4)  db  * 


-  4.2  db  or  39* 


Figure  2-29. 


Terminal  Imp* done*  of  Antenna, 


1.16-13  Me,  No  Debris. 


0-r 


\ 
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Figure  2-31.  Terminal  Impedance  of  Antermo,  2- 17.2  Me,  Half  Cover  Condition  1. 
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Figure  2-32 


Terming!  Impedance  of  Antenna,  13-29.96  Me,  Half  Cover  Condition  1 


Figure  2-33.  Terminal  Impedance  of  Antenna,  0.44  -  24.1  Me,  Full  Cover  Condition  2. 
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Figure  2-34. 


Terminal 


Impedance  of 


Antenna,  0.44  -  24,1  Me, 


Full  Cover  Condition  3, 
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Me  mured  Field  Inteiwity  Along 


Figure  2-38.  Measured  Field  Intensity  Along  the  Ground  Full  Cover  Condition 
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2. 1-6.1  Debris  Measurement  Technique 

The  conductivity  end  dielectric  con a tent  of  the  ground  surrounding  the 
annular  slot  antenna  in  Merrensburg,  Hisaourl  were  both  measured  by  the 
Impedance  bridge  technique.  The  soil  in  the  loaned  late  vicinity  of  the  annular 
slot  sea  used  to  provide  a  debris  cover  for  the  antenna.  Basically ,  the 
debris  parameter  meesurenent  technique  con a lata  of  determining  the  impedance 
of  the  debris  between  two  perellel  plates  of  a  capacitor.  Figure  2-39  shows 
the  basic  setup.  A  <2R  type  1606A  impedance  bridge  together  with  a  Nr  105 
field  intensity  faster  for  the  null  lndioetor  were  used. 

The  debris  measurements  wera  made  on  sample*  taken  from  each  of  the  four 
quadrants  of  the  antenna  top  hat  end  at  random  from  regions  near  the  radiating 
slot.  Measuramsnte  ware  made  on  samples  taken  from  both  the  first  and  second 
12  inch  covers,  in  sddltlon,  the  effects  of  soil  compaction  and  rein  were 
observed . 


2. 2. 6. 2  Sumner  y  of  Debris  Psrsmetcr  Measurement* 

Figures  2-40  and  2-41  are  plots  of  the  actual  reactance  and  resistance  of 
the  debrla  samples  *■  measured  on  October  28,1963  (first  12"  cover)  and 
October  29,  1963  (second  12"  cover)  .  The  following  should  be  noted. 

8a  mole 

1  is  from  SE  quadrant  of  antenna 

2  is  from  SW  quadrant  of  antenna 

3  is  at  random  from  vicinity  of  radiating  slot 

4  is  from  NE  quadrant  of  antenna 

5  is  from  North  half  of  radiating  slot 

5'  is  sample  5  after  0.13  inches  of  rain  (2  hr  rainfall) 

6  is  from  central  region  of  antenna  near  the  input 

terminals 

An  initial  calibration  was  made  on  the  test  set-up  of  Figure  2-39  with 
a  dielectric  of  air  and  is  presented  below. 
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Figure  2-39 


Technique  for  Measuring  Debris  Par<^~  fers, 


!!VJV*I  -  CONDITION  2 
i(V»/W  -  CONDITION  3 


Figvr*  2-40,  Plot  o#  X  Froqwtney  lor  Dtbrit  Covtr 


Figure  2-41.  Plot  of  R  ,  Versus  Frequency  for  Dvbrit  Cover 


(for  air  dielectric) 


Frequency 

Me 

2 

6 

10 

IS 

21 

25 


ohms 

0.1  -  j 352 
0.3  -  J308 
0.3  -  j 175 
2  -  J96.7 

1.8  -  j 47 
1.75-  j 19 


These  measurements  were  used  to  compute  the  effective  series  lead  inductance 
in  the  circuit  which  had  an  average  value  of  0.383  ph. 

2. 2. 6. 3  Calculation  of  Debris  Parameters  and  Summary  of  Debris  Constants 

The  measured  data  of  the  reactance  versus  frequency  for  the  parallel 
plate  capacitor  filled  with  debris  approximates  that  of  a  series  resonant 
circuit  shown  in  Figure  2.42.  From  Figure  2-40,  the  rate  of  change  of  the 
reactance  X  versus  frequency  (~)  at  resonance  (~  11  Me)  is  4.5  ohms/Mc ,  thus 


L  = 


1  dX 

2  dW 


and  for 


dX 

df 


4.5 


L  -  \  (^r)  (4.5)  s  0.358  ^.h 

This  value  of  series  lead  inductance  closely  correlates  the  previous  calculations 
of  L  (within  7%)  made  from  the  impedance  measurements  in  air.  Having 
e  ablished  a  value  for  L,  impedance  measurements  were  made  on  the  circuit 
.  Figure  2-42  with  debris  as  the  dielectri~  in  the  parallel  plate  capacitor,  C. 
Since  the  GR  1606A  impedance  bridge  measures  net  reactance  (i.e.,  *L 
it  is  necessary  to  add  the  reactance  of  the  series  inductance  L  to  the  measured 
reactance  so  as  to  obtain  the  corrected  value 
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4-1-072! 


WHERE 

R.  REPRESENT  DEBRIS  LOSSES 

Lj  REPRESENT  SERIES  LEAD  INDUCTANCE 
C  REPRESENT  DEBRIS  CAPACITANCE 

ZIN  "  *5  +  i  XS  AS  M£AiUR£0  GR  1406 A  BRIDGE 
WHERE  Xs  ■  XL  -  Xc 


Figure  2-42.  Equivalent  Circuit  for  Debri.  Measuring  Circuit. 
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the  relative 


for  Xc,  the  reactance  of  the  debris  loaded  capacitor, 
dielectric  constant  and  Q  or  the  debris  la  computed  as 


Having 
follows  : 


*C (air) 

R  *C< debris) 


for  any  frequency 


where  xcjalr)  at  2  Mc  18  952  ohms,  and 


*c( debris)  1 

debris  *  Rs( debris)  “  tan  b 

where  tan  b  is  the  loss  tangent  of  debris.  Now  the  debris  conductivity  is 
found  knowing  tar.  b  from  formula  previously  derived  in  Appendix  A. 


i.e. , 


tan  b 
'  5£>\ 


er 


where 


a  =  mho/rr.  is  the  debris  conductivity 
\  =  wavelength  in  meters 
t„  =  relative  -**  *»)  **ct  tic  cor.ctar.t 

f\ 

tan  ‘  =  loss  tangent  of  dielectric 

Table  II  presents  a  computed  summary  of  the  debris  parameters  from  the  measured 
parameters  of  the  first  and  second  12  inch  debris  cover.  Figure  2*43  is  a 
plot  of  the  debris  conductivity  versus  frequency  from  which  the  following 
can  be  concluded.. 
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TABLE  II 


‘SUMMARY  OF  DEBRIS  CONSTANTS  COMPUTED  FROM  THE 
MEASUREMENTS  AT  WARRENS BURG,  MISSOURI 


f 

CR 

^debris 

tan  is 

o 

me 

- 

- 

- 

mho/m 

2 

10 

1.37 

0.73 

0.8  x  10'3 

6 

6 

1 . 8S 

0.532 

1  10~3 

10 

6 

1.73 

0.579 

1,9  x  10'3 

15 

6 

1.31 

0.764 

3.9  x  10'3 

21 

8.6 

0.8 

1.25 

1.25  x  10' 

25 

9.8 

0.6 

1.67 

2.5  x  10'2 

Where  tR,  Q^e^rig,  and  c  are  average  values  of  all  samples  measured  at 
particular  frequencies. 

tan  1  =  1/0.  . 

debr 1 s 


From 


The  Soil  Conductivity  i6 


2-6  Me 

-  10  mho/rr 

6-10  Me 

c  ~  1.5  x  10  !  mhc/ 1 

10-15  Me 

•  -  3  x  10  ^  mho/m 

15-20  Me 

c  •  8  x  10  ^  mho/m 

20-30  Me 

~  3  x  10  *  mho/m 

The  effects  of  rain  on  the  debris  parameters  at  Warrensburg,  Missouri 
do  not  appear  to  be  significant  until  a  condition  is  reached  whereby  the  soil 
becomes  essentially  a  paste-like  or  heavy  liquid.  The  measurements  indicate 
an  essentially  negligible  increase  in  the  relative  dielectric  constant  and 
series  resistance  after  a  2  hour  rainfall  in  which  the  total  accumulated 
rain  ws  0.13  inches.  Soil  compaction  by  bull -dozer  and  walking  over  debris 
samples  has  the  effect  of  increasing  the  dielectric  constant,  tR,  slightly. 

2. 2. 6. 4  Conductivity  Measurements  by  the  97  CPS  Probe  Technique 

Debris  conductivity  measurements  were  made  at  97  cps  using  the  buried 
four  electrode  technique  or  Vibraground  Tester  shown  in  Figure  2-44.  The 
separation  between  electrodes  was  6  Inches  and  the  depth' of  burial  was 
approximately  12  inches. 

The  summary  of  the  debris  parameters  measured  at  97  cps  are  listed  it. 
Table  3  where  it  is  shown  that  the  average  measured  value  of  debrl-  ccn- 

_  5 

ductivitv  was  ten  mi1li-mV's  per  meter  <1,  emo/m) . 

Fmm  above  it  can  be  concluded  that  measurements  of  debris  conductivity 
by  the  97  cps  technique  produces  results  that  fall  within  the  range  of  values 
measured  by  the  impedance  bridge  technique  from  2-30  Me. 
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Figor#  2-44.  Dtbrii  Conductivity  M«oturtm«ntt  by  Four  Electrvxfc  M«rVtod. 
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TABLE  III 


l 

' 

Sanple 

Depth  of 
Probe 

Separation 

(D) 

fi 

R 

avg 

eps 

Tested 

inches 

inches 

*«. 

a.  .  cr. 

mho/ m 

97 

*5 

i: 

6 

90 

8.62  x  10+3 

-2 

1.16  x  10  * 

;  97 

1? 

6 

100 

9.6  x  10* 3 

-  7 

1.C4  x  10  1 

97 

1 

#4 

u  _ ,  .  - 

6 

6 

ISO 

—  ■ 

14.4  x  10+3 

o 

-J 

X 

►— 

o 

AJ 

where 


R  =  D  R  x.  191.51 
avg 


D  -  Separation  of  probes  in  feet 
<  -  Vibraground  meter  reading  in  ohms 

and 

,  100  .  „ 

o  =  — mho 'm 
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;  2.1  Evaluation  of  Impedance  Measurements  of  Annular  Slot  Antenna 

Correlation  of  Theoretical  and  Measured  Terminal  Impedance  of  Antenna.  No 
Debris. 

The  admittance  of  the  annular  slot  antenna  has  been  calculated  by 
Gal*_js  and  Thompson"*.  The  antenna  is  a  cavity  backed  annular  slot  and  it  is 
assumed  that  the  radiation  or  far  field  is  due  almost  entirely  to  the 
fringing  of  the  electric  field  maintained  across  the  gap  between  the  disk 
and  the  adjacent  highly  conducting  ground.  The  admittance  across  the  slot 
is  calculated,  i .e.  the  edge  of  the  disk  and  the  edge  of  the  cavity  are  con¬ 
sidered  as  terminals.  In  practice,  however,  such  an  antenna  is  fed  from  the 
center  by  inserting  a  coupling  network  between  the  center  of  the  disk  and 
the  ground  which  forms  the  bottom  of  the  cavity.  In  the  Warrensburg  antenna  . 
the  feed  network  at  the  center  of  the  antenna  consisted  of  a  vertical  wire- 
fan  ,  length  1.2  meters,  made  of  three  wires  which  were  connected  to  a  coax 
feed  cable.  The  ground  screen  was  raised  in  *  he  center  and  connected  to  the 
outer  conductor  of  the  feed  cable.  (See  Figure  2-25). 

The  impedance  of  the  antenna  was  measured  at  point  P  where  the  feed 
cable  is  connected  to  the  raised  ground  screen.  Since  the  impedance  was 
measured  in  the  center  of  the  antenna,  ar.d  was  calculated  at  the  slot  it  .s 
necessary  to  establish  the  analytical  relation  between  the  impedances  at  the 
two  terminal  points.  The  following  approach  was  chosen. 

The  antenna  structure  is  considered  a  radial  transmission  line  shown  ir. 
Figure  2-45  which  is  formed  by  the  disk  (hat)  and  the  ground  plane  with 
asphaltic  concrete  as  the  dielectric.  The  average  radius  between  disk  and 
end  of  cavity  rQ  =  +  t--  The  inside  radius  r  is  the  average  radius  of 

2 

the  wire-far.  at  the  feed  point.  The  transmission  line  is  loaded  at  the 
outer  end  by  the  admittance  (Y  t>  reflected  to  the  slot  plane  by  the  outside 
space.  This  has  been  computed  using  the  results  of  Gaiejs  and  Thompson 
analysis  of  the  cavity  backed  annular  slot.  Y  =  G  +  >oCc  where  G„  is 
t  e  radiation  conductance  of  the  slot  and  Cg  is  the  edge  capacity  of  the 
disk  against  the  surrounding  ground.  At  the  inner  end  (near  the  center)  the 
radial  transmission  line  is  connected  to  the  short  fan-shaped  line.  Thu.  is 
considered  as  a  linear  transmission  line  of  short  length  (corresponding  to 
the  physical  length)  and  ait  as  dielectric.  The  outside  admittance 
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Figure 


I 


'-45.  Radiol  Tronimiiiion  Line  Model  for  Annular  5‘ot  Antenna 


(load  admittance)  is  transformed  by  the  radial  transmission  line  to  the  input 
admittance  at  radius  :  which  then  ia  the  load  admittance  for  the  short 

linear  transmission  line.  This  transformation  ib  accomplished  by  the  fol- 

4 

lowing  relations  which  are  valid  for  the  dominant  E-type  node  (i.e.,  n*=o, 
n»o)  . 


Y'(r  )  =  J  *  £(x,y)  ct  (x,y) 

Ct(x,y)  +  j  Y  (rQ)  s(x.y) 

where 

ct(x.y)  =  Ji(x)Mo(y}  -  Vx)  Jo(y) 
Vx)  No(yJ  -  No{x)  J0(v> 

ct(x.y)  =  Ji(y}  w0(x)  -  Ni(y)  Jo(x) 
J1(x)  N1(y)  -  N1(x)  J1(y) 


(18) 


C(x.y) 


Jc(x)  NQ(y)  -  No(x)  JQ(y) 
J1(x)  NL(y)  -  N1(x)  J1(y) 


x  =  kc  Ci 


y  =  k  r 
J  co 


Y  (rx) 


Y(ri}  *  Y(r  )  Z 
1/  1  *■ 


V  '  (rj  »  Y(ro)  =  y(r  5  Z 
y  — •n -  o  o 


Z(ro) 


Z  and  Z  are  the  characteristic  impedances  at  the  inner  radius  n  *r.d 
1  o  1 

_uter  radius  tQ  respectively 
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Ill 


Using  these  equations  x  and  y  are  found  to  be 


-  -  Vi  •  ^  iFr  *,  <>  '  fo’ 

*  "  150  fmc  ri  U  “  2Q*' 

y  "  kiro  =  150  fmcV^  ro  {1  -  ,4  } 

—  W 


For  the  characteristic  impedances  one  need  not  use  the  complex  dielectric 

constant  since  Q  is  large.  Thus  2.  and  Z  are  real: 

l  o 


120  n  b 

2"ri  V7^ 


60  b 


Z 


o 


60  b 


The  constants  were  chosen  to  give  best  agreement  with  the  measurements  .  and 
they  are  in  agreement  with  the  physical  dimensions  of  the  antenna.  The 
relative  dielectric  constant  of  the  asphaltic  concrete  is  c  ,  which  varies 
between  3  and  4.  A  value  of  3.65  was  chosen  since  this  agrees  with  the 
second  notch  of  the  field  strength  versus  frequency  curve  at  14.6  Me.  The 
outer  radius  rQ  is  the  average  between  disk  and  cavity  radius.  The  inner 
radius  r^  is  not  critical.  A  change  of  r ^  between  0.1  and  1  meter  hardly 
affects  the  impedances  The  following  values  are  used  for  the  coir.putat ions 


ri 


=  i5-9 


r  =  0.157  m  r  =  8.35  m 

1  c 

(The  average  outer  radius  is  ■*  =  8.45  m) 

b  =  1.37  m  c  =  3.65  0  =  25 

r 
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With  these  data  the  characteristic  Impedance  at  the  outer  radius 


60  b 

r0yTv 


82.6 

15.9 


*  51.9  ohms 


and  the  characteristic  impedance  at  the  inner  radius 


60b 


1  riyt« 


=  276  ohms 


The  efficiency  of  the  annular  slot  arter.na ,  using  the  radial  line 
rechmque,  is  calculated  from  the  basic  line  equation: 


V(r)  =  V(rQ}  (Cs(x,y)  -  j  ZQI(ro)  sn  <x,y) 
Zl  (r)  =  ZQI(ra)  cs(x,y)  -  j  v(rQ)  Sn  (x,y) 


where 


t 

j 


2 

V(rQ)  is  the  voltage  at  the  outer  radius  rQ ,  and  |V(r  )|  GR  is  the  radiated 
power,  V(r)  is  the  voltage  at  the  inner  radius  r^ •  and  Yfr^)  the  input 
admittance  at  this  point  and  IVfr^JpRe.  Y  ( ^  ) ,  is  the  input  power. 


The  input  admittance  Y(r and  the  normalized  input  admittance  Y'(rx> 
are  related  by 


c  *’lr±) 

;  Y  (r^)  is  given  by  Equation  (18) 

Z 

=  V(rQ) 

,Cs(x,y)  -  j  Y’(ro)  sn  (x,y); 

=  v^0>  F 

(x,y) 

Thus 


F(x,y)2  Re  {Y  (rx ) } 
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Best  agreement  between  measured  and  theoretical  impedances  was  achieved 
by  using  a  short,  linear  line  in  series  with  the  radial  transmission  line. 

The  product  of  characteristic  impedance  and  line  length  of  the  J inear  line 
was  chosen  so  that  the  calculated  reactance  was  equal  to  the  measured  reac¬ 
tance  at  the  frequency  of  3.43  M:.  At  this  frequency  the  input  reactance  of 
the  radial  line  is  -8.0  ohms,  and  the  measured  reactance  is  ♦  21.3  ohms . 
Thus  the  linear  line  should  give  a  reactance  of  21.3  ♦  8  =  29.3  ohms  at  f  = 
3.43  Me.  The  reactance  of  the  line  is 


ztg?l  s  z  pi 


lid.  ,  Z 22  .  £J 

V  300  r- 


Thus 


Z> 


29,3 

2^ 


300 

3.43 


408  ohm  meters 


The  physical  length  of  the  linear  line  is  1.2  m 
Hence  Z  =  -  340  ohms 


The  value  of  the  characteristic  impedance  corresponds  to  the  average 
characteristic  impedance  of  the  wire  fan  which  constitutes  the  line. 

The  equivalent  circuit  which  was  used  to  calculate  the  input  impedance 
is  shown  m  Figure  2-46. 


The  radial  line  is  loaded  at  the  outer  end  with  the  outside  admittance 


Vout  »  Gr  t  J<oCg  of  the  cavity.  The  radius  rQ  =  h  *  '' 2  is  the  average  be¬ 
tween  disk  and  cavity  edge.  The  impedance  (R  *  jX)  at  a  small  radius  r3  is 
calculated  by  radial  transmission  line  theory.  This  impedance  (R  +  jX)  is  the 
load  for  the  short  linear  line  which  transforms  the  load  impedance  to  the 
input  impedance  (R^  +  jX^i  using  conventional  transmission  line  theory  (Smith 
Chart).  The  result  of  this  computation  is  given  : n  the  following  Table  IV 
and  is  plotted  on  the  Smith  Chart  (Figures  47  and  48)  together  with  the 
measured  impedance  (referenced  to  an  impedance  of  50  ohm) .  It  car  be  seen 
that  the  agreement  between  theory  and  measurement  up  to  a  frequency  of  about 
13  me  is  very  good,  in  particular  with  respect  to  the  reactance.  At  the  low 
frequencies  the  theoretical  resistance  values  are  smaller  than  the  measured 
/alues.  This  could  possibly  be  due  to  the  fact  that  the  actual  q  value  of 
the  radial  line,  which  is  determined  by  ground  losses  and  dielectric  losses 
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(A)  KADI  A  l  UNt  MOD*  l  FO*  ANNUU*  SLOT  (I)  lINEA*  UNE  MODE  l  FO*  FEED  NFTWO** 


Z  -  }A0  0 

0  h  •  1.37  MfTIKS 

IQ  COMPOSITE  HF  EQUIVALENT  CI*CUIT 
K|  •  KEFIKENtC  PLANE  FO*  Z|N  (ANTENNA  INPUT  IMPEDANCE) 

f j  -  kefekence  plane  fo*  kadial  line  icomesponos  to  »(> 

Figure  2-46.  Equivalent  for  Computing  Antenna  Input  Impedance  for  Rodiol  Line  Model. 
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Figure  2-4S  Input  Impedonce  Verwt  Frequency  for  Radial  Line  -  11.2  to  25.3  Me 
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CALCULATED  INPUT  IMPEDANCE  OF  THE  ANNULAR  S’ 


in  the  asphaltic  concrete,  is  different  f rom  that  chosen  for  the  coeputat ion 
(a,  -  26  was  chosen).  Theoretical  reactance  is  somewhat  slipping  behind  the 
measured  reactance  in  particular  at  the  higher  frequencies.  Between  14  and 
16  Me  the  measured  impedance  forms  a  small  loop  or  the  Smith.  Chart.  This 
does  not  show  up  in  the  theoretical  curve  and  it  is  not  clear  what  causes 
this  loop.  It  might  perhaps  be  a  higher  mode  of  the  radial  line,  which 
starts  propagating.  The  third  loop  of  the  measured  curve  (20-25  Me)  has  a 
smaller  radius  and  is  shifted  to  higher  resistances  and  reactances  than  the 
corresponding  theoretical  loop  in  this  frequency  range,  The  shift  to  higher 
resistances  is  probably  due  to  a  lower  0  in  this  band.  Measurements  indicate 
that  the  actual  Q  drops  to  5  and  below  at  the  high  end  of  the  band,  thus  ex¬ 
plaining  higher  input  resistances  and  lower  efficiency.  The  increasing 
slipping  of  the  reactances  with  increasing  frequency  deems  to  indicate  that 
the  outer  radius  r^  of  the  radial  line  is  a  little  bit  too  small.  A  small 
increase  m  rQ  will  have  an  effect  on  the  input  reactance  which  increases 
with  frequency.  It  would  hardly  be  noticeable  at  low  frequencies  but  have 
an  appreciable  effect  at  high  frequencies.  So  it  is  possible  that  a  slightly 
larger  rQ  will  produce  better  agreement  between  theoretical  and  measured 
data.  From  this  comparison  of  theoretical  and  measured  data  the  following 
conclusions  are  drawn: 

The  input  impedance  of  the  annular  slot  antenna  can  be  predicted  with  a 
fair  degree  of  accuracy  by  using  a  model  shown  m  Figure  2-46  consisting  of  a 
radial  transmission  line  which  is  loaded  at  its  outer  end  with  the  outside 
admittance  of  the  cavity,  and  is  connected  close  to  the  center  of  the  line 
with  a  short  linear  transmission  lire.  The  constants  of  the  radial  line  are 
determined  by  the  average  outer  radius  r  =  n  *  ^2  .  the  inner  radius  r 

°  2  1 

which  is  very  small  (ri  ‘rQ  -  —  or  less,  not  critical),  the  height  of  the 
dish  above  the  ground,  ar.d  the  dielectric  constant  and  0  factor  of  the 
dielectric  which  fills  the  cavity.  The  characteristic  impedance  and  length 
of  the  linear  transmission  line  are  corresponding  to  the  average  diameter  of 
the  wire  which  makes  up  the  line,  and  to  the  physical  length  of  this  wire, 
which  is  about  equal  to  the  distance  between  the  top  hat  and  ground  of  the 
ar.ter.r.o .  For  this  case.  Zq  was  taker,  equal  to  340  ohms  and  the  length  of 
lire  was  1,2  meters. 

Further  study  is  required  to  determine  the  effects  of  debris  on  the  an- 
ter.r.a  impedance.  Debr :  s  coverage  will  affect  the  outside  slot  admittance 
and  possibly  the  attenuation  and  characteristic  impedance  of  the  radial 
i  r  mini  ss  ion  line. 
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2.2.8  Measured  Properties  of  Asphaltic  Concrete 
2.2 . 8. 1  Q  Factor 

A  calculation  of  the  asphaltic  Q  of  the  antenna  was  made  from  a  measure¬ 
ment  of  the  input  impedance  at  440  kc.  A  GR-1606  A  impedance  bridge  was 
connected  across  the  input  antenna  terminals  in  t.ie  access  hole  of  the  antenna 
for  these  measurement. 

Thus 


z 


in 


R  -  jX 
J  c 


-  2  -  J50 


and 


Qasphalt  -  ~  m  ^ 


25 


The  antenna  at  these  frequencies  represents  a  parallel  plate  capacitor  having 
a  capacitance  of  6900^f. 

Another  measurement  of  asphaltic  0  was  made  in  the  HF  region.  A  small 
screen  was  placed  over  the  top  of  the  antenna  and  impedance  measurements  were 
made  as  to  the  capacitance  of  this  plate  to  the  top  hat  of  the  antenna.  The 
results  of  these  measurements  are  plotted  ir.  Figure  2-49,  and  indicate  a  close 
correlation  to  the  measurements  at  440  kc.  Another  interesting  point  shown 
in  this  figure  is  the  roll  off  of  the  asphaltic  Q  beyond  12  Me.  This  may 
be  a  contributing  factor  as  to  the  low  efficiency  exhibited  by  the  antenna 
beyond  15  Me,  and  is  probably  due  to  the  cracks  developing  in  the  antenna 
asphalt  blanket,  especially  in  the  vicinity  of  the  central  access  port. 

This  cracking  aybe  due  to  the  bulldozers  and  associated  construction  equip¬ 
ment  used  to  put  on  and  take  off  the  debris  cover  on  the  Sylvania  investiga¬ 
tions  of  the  annular  slot  antenna  for  the  minuteman  program, 

2. 2. 8. 2  Dielectric  Constant 

The  calculation  of  the  dielectric  constant  of  the  asphaltic  concrete 
was  made  from  the  antenna  input  impedance  measurements  at  440  kc  and  the 
measurement  of  the  second  notch  in  the  field  intensity  versus  frequency  curve 
( Figure  2-35) . 
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Figure  2-49.  Asphaltic  Q  Versus  Frequency. 


•asphaltic  concrete  a 


-I-072P 


Now  the  antenna  input  impedance  measurement  at  440  kc  indicated  the 
following! 


Zin  *  2  "  JSO 

from  which  the  capacity  of  the  antenna  embedded  in  asphalt  is  6900  r>-£,  or 
4  times  that  of  the  antenna  with  a  dielectric  constant  of  unity  (i.e,, 
capacitance  in  air) . 

From  Section  1.3,  Admittance  of  the  Annular  Slot  Antenna,  Equation  (2.12). 
the  notches  in  the  efficiency  and  field  intensity  curves  versus  frequency  occur 
when 

.  Roots  of  J  (X  b)  a. 
b  ,  - 2 — 9L_  ,  - L_ 

2tt  2n'*[r\ 

where 

*  2.403  for  1st  notch,  »  5.52  for  2nd  notch,  *  8.65  for  3rd  notch 
b  *  outer  radius  of  annular  slot, 

A  *  wavelength 

Cj  •  dielectric  constant  of  asphaltic  concrete 

Considering  the  second  notch  which  was  measured  at  14.6  Me,  we  find  that 
for  an  (asphaltic  concrete  dielectric  constant)  of  3.65,  the  theoretical 
and  measured  notches  coincide  --  i.e.. 


where 

a  =  5.52  at  second  notch 
v  6 

air  =  1000  x  10  ft/sec  (velocity  of  propagation  in  air) 
b  a  31.5  ft 
f  ^  14.6  Me 
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thus 


e, _ 5..5.g  x  1 QQSL- 

1  2*  x  31.5  x  14.8 


(1.91) 2  =  3.65 


The  value  of  dielectric  constant  as  measured  in  the  HF  range  was  used  in  the 
computer  program  for  evaluating  the  theoretical  performance  of  the  annular 
slot  antenna. 
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2.2.9  Analysis  of  Data  and  Conclusions 


A  comparison  of  theoretical  predictions  and  the  measured  parameters  of 
the  annular  slot  antenna  in  Warrensburg .  Missouri  yields  the  f  ollowing 
conclusions: 

2.2.9. L  Notches  in  Efficiency 

The  predicted  notches  in  the  efficiency  from  2  to  30  Me  were  observed. 
They  are  due  to  the  multiple  series  resonant  frequency  of  the  back-up  cavity 
at  which  point  the  cavity  presents  a  low  impedance  across  the  radiating 
annular  slot.  The  predicted  and  measured  notches  are  as  follows: 


Measured  f  . 

_ notch 

4.5  to  5  Me 


14.6  Me 


21.6  Me 


Predicted  f _ .  .  _ _ _ 

_ _ DOl&h  Comments 

6  Me  Shift  in  position  of 

measured  notch  may  be 
attributed  to  antenna 
lead  in  aeries  inductance 
slight  changes  in  both 
asphaltic  dielectric 
constant  and  effective 
radius  of  radiating 
slot. 

14.6  Me  Both  notches  coincide 

for  an  average  radius 
of  28  feet ,  and  an  as¬ 
phaltic  dielectric  con¬ 
stant  of  3.65. 

21.6  Me  Both  notches  coincide 

for  an  average  antenna 
radius  of  28  feet.  This 
null  is  due  to  the  sky 
wave  effect  or  shift  in 
elevation  of  the  main 
lobe  of  the  antenna  at 
the  upper  end  of  the 
HF  band. 


1  2.9.2  High  Efficiency 

The  predicted  regions  of  high  efficiency  in  between  the  notches  were 
measured.  For  an  asphaltic  Q  of  25,  the  actual  antenna  efficiency  curve 
approximates  the  predictions  from  2  to  15  Me*  above  15  Me,  the  assumption 
such  as  uniform  excitation  of  the  annular  slot  both  radially  and 


circumferential ,  constant  asphaltic  Q  do  not  hold;  therefore  a  greater 
deviation  exists  between  theoretical  predictions  and  actual  measurements. 

The  Warrensburg  antenna  appears  to  be  an  optimum  physical  design  from 
3.5  to  13.5  Me  where  the  efficiency,  with  no  debris  cover.  Is  equal  to  or 
greater  than  10  percent.  From  5.5  to  12.5  Me  the  efficiency,  with  no 
debris,  is  greater  than  25  percent  and  approaches  40  percent.  These 
efficiencies  are  for  a  measured  asphaltic  Q  of  2";  if  the  asphaltic  Q  were 
70,  antenna  efficiencies  in  the  order  of  85  to  90  percent  would  have  been 
possible. 

2. 2. 9- 3  Performance  of  Antenna  Under  a  Debris  Cover 

The  effects  of  debris  having  measured  parameters  from  10~3  to  30  x  10”^ 
mho/m  were  observed  under  conditions  1,2,  and  3.  Measurements  were 
made  as  to  the  field  strength  at  a  point  385  feet  from  the  antenna.  The 
reference  used  throughout  these  tests  was  the  computed  field  strength  st  385 
feet  for  »  short  vertical  monopole  {100  percent  efficiency)  having  a  power 
input  of  1  watt,  or  a  theoretical  field  strength  along  the  ground  of  98  db 
abeve  1  microvolt /meter.  Tables  V  and  VI  summarize  some  of  the  significant 
data  taken  from  the  field  intensity  plots  in  Section  2.2.5. 

From  the  ftcove ,  and  curves  in  Section  2.2.5,  it  can  be  concluded  that; 

(a)  Antenna  degradation  due  to  debris  is  a  minimum  at  frequencies 
for  which  the  antenna  dimensions  are  optimized,  i.e.  ,  a  diameter- 
to-wavsieigth  ratio  (D/X)  of  0.9  to  1. 

(b)  Debris  degradation  is  very  low  ir.  the  optimized  frequency 
range  under  condition  1;  i.e.,  approximately  -1  db. 

(c)  Debris  degradation  is  greatest  under  condition  2;  condition  3 
appears  to  degrade  the  antenna  slightly,  i.e.,  approximately 
0  to  -2  db. 

(d)  Debris  degradation  is  more  severe  at  frequencies  for  which  D 'A 
approaches  0.25.  Thus  in  the  frequency  range  of  2-4  Me, 
degradation  increases  from  -7  db  at  4  Me  to  -18  db  at  2  Me . 

(e)  At  25  Me  or  the  upper  end  of  the  band,  the  antenna  efficiency 
appears  to  be  lower  than  in  the  5.5  to  12.5  region  by  approximately 
14  db  (with  no  debris) .  The  deterioration  in  antenna  efficiency  at 
the  upper  end  of  the  band  indicates  either  an  increase  in  total 
antenna  losses  or  conversion  of  the  uniform  excitation  of  the  slot. 
Increased  loss  at  the  upper  end  of  the  band  may  be  attributed  to  a 
decrease  in  asphaltic  Q  and  Increased  ground  losses.  Further  in¬ 
vestigation  is  required  into  this  effect. 
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MEASURED  FIELD  INIEHSljY  ALONG  THE  GROUND  FOR  WARRENSBURG  ANNULAR  SLOT  ANTENNA 
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TABLE  VI 


Debris  degradation  in  vicinity  of  25  Me  la  only  2  db  for  condition  2. 


( f )  Defer i«  cover  has  the  effect  of  daaping  out  and  shifting  the  location 
of  the  notch  frequencies. 


r* 

mm-f 
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2.3  DESIGN  PROCEDURE  FOR  THE  ANNULAR  SLOT  ANTENNA 


Measurement*  have  indicated  that  the  optimum  frequency  range  of  operation 
of  an  annular  slot  antenna  la  between  the  first  and  second  cutoff  frequencies 
Operation  below  the  first  cutoff  frequency  is  possible  with  decreased  efficiency. 
The  radius  of  the  cavity,  therefore,  is  chosen  so  chat  the  second  cutoff  fre¬ 
quency  is  slightly  above  the  upper  end  of  the  frequency  band  in  which  the 
antenne  is  supposed  to  operate. 

The  cutoff  frequencies  are  determined  by  bk,  *  R.  where  R  are 

*  L  li  n 

the  roots  of  J  (x) 


2 * 2* 

'1  =  X  V  €lr  '  300 


f  = 


“‘Fu 

300 


e,  *  dielectric  constant  of  cavity  filler  material 
(asphaltic  concrete) 


With  f£  given  ap  approximate  1.0b  f  to  1.1  f  the  cavity  radius  b  la 
obtained  as  follows:  [ffl  ■  highest  operating  frequencyj 


where 


and  b  =  ; — 
kl 


300 

2»f 


47.7  R 


:Vflr 


263  1 

For  the  second  cutoff  frequency  R,  =  5.52  and  b  =  -  ■  -j—  [m] 

-FTv  1 


with  f^  in  Me.  (second  cutoff  frequency* 

This  is  the  cavity  radius  which  gives  optimum  efficiency  between  the  first 
two  cutoff  frequencies,  whose  ratio 


f2/fl  =  k2^l  =  5.5?/*.  403  -  2.3 
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The  maximum  efficiency  occurs  between  f ^  and  namely  at  the  first  psralle 
resonance  frequency.  The  efficiency  at  this  frequency  (without  debris  covert 
can  be  crudely  estimated  by  using  the  equivalent  linear  transmission  line 
operating  in  the  >  'I  mode  with  maxima  voltage  at  the  open  end.  The  Q  of 
this  line  can  be  estimated  from  the  Q  of  the  dielectric  which  fills  the 
cavity.  With  asphaltic  concrete  Qc  will  range  approximately  from  2b  to  50 

The  characteristic  impedance  of  the  antenna  circuit  can  be  estimated 
by  considering  the  cavity  as  an  radial  transmission  line,  whose  characteristic 
impedance  at  any  radius  r  it  given  as 


2 

r 


h  60h 


v  tie  re  h  *  distance  between  disk  and  ground. 


An  approximate  value  of  the  effective  characteristic  impedance  of  the 
equivalent  line  is  obtained  by  using  an  average  radius  r  a  ^  .  The  depth 
h  of  the  cavity  has  to  be  estimated.  Normally  a  depth  between  1  and  2  a 
is  adequate.  The  greater  depth  will  give  a  slightly  Increased  efficiency, 
but  the  coat  increases  approximately  proportional  with  h. 


Having  chosen  h  one  obtains  Zq 
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The  radiation  conductance  of  the  annular  slot  antenna  depends  on  the 

average  slot  radius  P  *  (a+b) /2  *  b  -  j  ,  where  w  is  the  slot  width.  This 

has  to  be  estimated.  A  first  choice  of  w  equal  to  one  to  two  times  the 

cavity  height  will  be  adequate  in  most  cases.  Thus  the  average  slot  radius 

P  is  fixed  and  the  radiation  conductance  G  can  be  obtained  from  Figure  2-2 
O  K 

2»Po  *PQf 

using  X  =  —  =  . 
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f 

p 

f 

p 


At  the  parallel  resonance  frequency  f  Che  efficiency  haa  a  maximum, 
la  eat  luted  at  Che  geometric  man  between  the  adjacent  cutoff  frequencies 

At  this  frequency  the  radiation  power  factor  is  obtained  frets 


Q  ,  Z  .  and  G_  aa 
x  o  R 


1  r  ? 
f  (,R''o’ 


.ith  WL  •  -  VoQc 


the  efficiency 


V 


max 


1  4 


l _ 

<fV‘l 


This  is  the  maximum  efficiency  occurring  at  the  parallel  resonance  frequency 
fp-  The  efficiency  drops  to  practically  aero  at  the  cutoff  frequencies. 
Below  fj  It  Increases  again,  reaches  a  maximum,  which  is  much  lower  than 
the  main  maximum,  and  then  decreases  rapidly  approaching  zero  for  very  low 
frequencies.  However,  experiments  show  that  the  null  at  the  first  cutoff 
frequency  is  not  as  deep  as  predicted  by  theory,  but  actually  Is  hardly 
observable,  so  that  practically  the  efficiency  deer  ses  monotonically  from 
the  main  maximum  as  the  frequency  is  decreased. 


Having  determined  b  and  the  radiation  pattern  obtained  with  this  pq 
in  the  operating  frequency  range  has  to  be  examined  with  respect  to  the 
elevation  angle  of  the  lobe  maximum,  the  directivity  on  the  ground  and  in 
direction  of  the  lobe  maximum.  The  following  points  are  of  interest: 

Zero  ground  field  will  be  obtained  when 


x 


wf  p 
a  o 


150 


3.83 
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i.*.,  at  •  frequency  fe  *  "Tp" 

o 


[Me] 


150 


Confining  this  with  p 


h 


t  f. 


VClr 


one  obtains  the  following  relation  between  f  end  f „ 

o  2 


foPo  150  x  3.83  .  r -  3.83  / 

fjPo  *  f . 15o"Rj  V  Ir  *  5.52  V  lr 

*  0.505^ 

Thus  for  ^\~>  0^9?  »  £lr  >2  01  fo  £*  V  If  €lr  >  2  07  the  fre_ 
quency  which  gives  zero  ground  field  is  greater  then  the  second  cutoff 
frequency  and  therefore  is  outside  the  frequency  range  of  interest. 

The  quantity  x  =  2»pqA  which  determines  the  directivity  at  any  frequency 

f  i  s  gi  ven  by  x  s  g^o 
150 

The  directivity  g  at  the  frequencies  of  interest  and  the  elevation  angle  of  the 
lobe  maximum  can  be  found  from  Figure  2-5. 

Having  determined  the  pattern  characteristics  for  a  known  cavity  radius  pQ 
one  has  to  examine  if  the  pattern  characteristics  (lobe  elevation  angle 
directivity)  meet  the  required  specifications  especially  with  regard  to  pro¬ 
pagation  requirements. 

This  procedure  establishes  the  approximate  cavity  radius  b  and  average 
slot  radius  pQ  and  maximum  obtainable  efficiency  if  the  highest  operating 
frequency  is  given.  It  wss  necessary  to  estimate  the  cavity  depth  h,  and 
8 lot  width  w  from  practical  considerations.  With  the  data  then  a  computer 
solution  for  the  efficiency  variation  over  the  whole  frequency  band  of  interest 
should  be  made,  in  order  to  obtain  an  exact  knowledge  of  the  frequency 
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dependence  of  Che  antenna  with  the  chosen  parameters.  The  results  have  to  be 
coopered  with  the  specified  requirements,  and  if  necessary,  changes  in  the 
parameters  s,  b,  h  and  the  material  Qc  have  to  be  made  until  the  required 
performance  is  achieved. 

The  design  procedure  is  summarised  in  the  following  table. 


Cavity  Dimensions  and  Maximum  Efficiency 


Given 


Choose 

Dielectric 


Cavity  Depth  h 
Slot  Width  w 
Determine 

Second  Cutoff  Frequency 

First  Cutoff  Frequency 

Parallel  Resonance 
Frequency 

Cavity  Radius 

Disk  Radius 
Average  Slot  Radius 


Highest  operating  frequency  £  and 
Operating  frequency  range 


.8  -  3.8 
25  -  50 

1  •  2  s 

w  =  ( 1  to  2)  h 

f„  ■  1.05  f 

2  n 

f,  =  fj/2-3 

b  =  — S£2 _ 

a  =  b  -  w 

p  =  b  -  w/2 
o 
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Effective  Characteristic 
Impedance 


w  £  p 

x  =  TsT2  at  f 


f 

p 


Radiation  Conductance 
at  f  =  f 

P 

Radiation  Power  Factor 
at  f  =  f 

P 

pQL  at  f  =  fp 
Max.  Efficiency  at 


Gr  =  F(x) 

from  Figure  2-2 

P  "  f  Vo 

PQL  =  PQc/2 
1 

n  * - r 

P  1  ♦  (pQL)  "l 


Computer  Solution  for  ij  over  the  frequency  range  to  determine  exact  performance. 


Pattern  Characteristics 


Ground  Null  Frequency  f 

Frequency  where  lobe  lifta 

off  the  ground,  x  =1.85 
8 


Directivity  at  highest  operating 
frequency  f 


*n  = 


150 

Directivity  at  f  = 
■  f  P. 


*P  ” 


P  o 


150 


f 

P 


f  /f„  =  0.695 
o  2 


f 

g 


x  •  150 
_J5 _ 

*  po 


€ 

m 


8m  =  go 


2.4 


0 


from  Figure  2-5 
with 

appropriate  x- 
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An  example  will  illustrate  this  design  procedure. 


Cavity  Dimensions  and  Maximum  Efficiency 
Highest  Operating  Frequency  f  =  25  Me 

Choice  €  j  =2.8  50 


Determine 


h  -  1.5  w  =  1 . 5  m 

f2  =  25.1.05  -  26.2  Me 


f  =  26.2/2.3  -  11.4  Me 


f  =  ^26.2  x  11.4  -  17.3  Me 

b  =  263/^271  x  26 . 2)  =  6  m 
a  =  6  -  1.5  1  4.5  ® 


R 

P 


6  -  0.75  =  5.25  m 

120  x  l.s/Lpn  x  6)=  17.9 

*  17.3  x  5.25  _ 

150  " 

18  x  10  3  mho 

|  18  x  17.9  x  10-3  =  0.205 
0.205  x  25  =  5.1 


1 

t  +  (5.1)'1 


1 

1.196 


0.84 


! 


ohm 
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Pattern  Characteristics 


GrounJ  hull  Frequency 


f  -  26.2  x  0.695  x 


Frequency  f  where  lobe  lifts  off 
8 

the  ground,  em  ■  o 


x  =  1.85  ;  g*  =  gD  =  2. 


30.5  Me 


«r  1.85  x  150  ..  .. 

fg  *  rrr  - 17  Mc 


Direr :ivity  at  f  =  f 


Directivity  at  f  *  f 


where  »  X  25  x  5.25  _  » 
WtlBre  *n  *  150  =  2  75 


go  "  *» 


e  =  47' 
m 


=  2.7 


go  *  1.5 


Directivity  at  f  =  f 


where  x  *  1.9 
P 


e  -  15' 
m 


=  2.4 


gQ  *  2.4 


The  complete  solution  for  this  design 


b  *  6.0  m 


a  =  4 . 5  tn 


h  =  1.5  m 


is  shown  in  Figures  2-6,  2-7,  2-8,  2-9,  2-11,  and  2-12. 


SECTION  3 


LOG  SPIRAL  ANTENNA 


3.1  INTRODUCTION 

The  equiangular  spiral  antenna  represents  a  relatively  simple  structure 

exhibiting  some  very  interesting  and  desirable  properties  in  the  HF  region. 

8  9  10  11  12 

Investigations  by  Dyson  ’  ’  and  others  ’  at  UHF  and  microwave  frequencies 
have  demonstrated  the  essentially  frequency  independent  radiation  and  im¬ 
pedance  characteristics  over  bandvidths  in  the  order  of  10:1.  The  design  of 
the  antenna  Is  specified  entirely  by  angles  and  its  performance  appears  to 
be  independent  of  frequency.  The  equiangular  log  spiral  antenna  has  the 
property  that  the  specifications  for  the  highest  and  lowest  frequencies  of 
operation  are  independent;  i.e.,  the  highest  usable  frequency  is  generally 
determined  by  the  inner  diameter  of  the  spiral  and  the  lowest  usable  frequency 
is  determined  by  the  cuter  diameter  of  Che  antenna. 

The  two-arm  planar  log  spiral  antenna  provides  a  circularly  polarized 
bidirectional  beam  on  the  axis  of  Che  antenna.  This  is  shown  In  Figure  3-1. 

A  four-arm  planar  spiral,  on  the  other  hand,  with  appropriate  feed  system 
produces  a  more  desirable  radiation  pattern  for  HF  communication.  A  typical 
radiation  pattern  for  e  four-arm  log  spiral  operating  in  this  so-called 
"Second  Mode"  is  also  shown  in  Figure  3-1. 


3.2  DESIGN  PROCEDURE 


The  equiangular  spiral  shown  in  Figure  3-2  may  be  defined  by  Che  equation 
p  =  k  e*^  where  p  and  fi  are  the  polar  coordinates  of  a  point  on  the  spiral. 

The  constant,  a,  controls  the  rate  of  spiraling  about  the  origin  and  k 
determines  the  radius  p  or  size  of  the  terminal  region. 


A  physical  antenna  is  generated  by  considering  the  following  curves: 
Pl  *  kc4^ 


and 


p2  =  kc4^*  =  Kp, 
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where 


K 


-afi 

e 


1 


Thua  if  wa  consider  an  antenna  with  a  conductor  having  its  edges  specified 
by  and  p2  (which  la  rotated  through  an  angle  6),  the  arm  width  is  inroe- 
dlately  specified  by  the  fixed  rotation  angle  5. 

A  planar  balanced  spiral  consisting  of  four  such  conductors  represents 
one  form  of  the  spiral  antenna  capable  of  operation  in  the  second  mode..  An¬ 
other  form  of  this  antenna  consists  of  a  spiral  slot  cut  in  a  large  conducting 
sheet.  An  appropriate  backup  cavity  is  required  to  support  such  a  structure 
and  limit  the  radiation  to  that  hemisphere  above  the  ground.  The  con¬ 
figuration  of  such  a  backup  cavity  should  be  such  that  the  basic  properties 
of  the  log  spiral  in  air  are  not  radically  disturbed. 

Design  criteria  for  the  spiral  geometry  based  upon  Sylvania  scale  model 
tests  at  90  Me  is  as  follows  : 


Pi 


=  0.05  Ae 


0.3* 


P2  *  0.9  Pj 


where 


2\ 

Outer  diameter  =  —  (determine  the  lowest  usable  frequency  of 

operation  f^} 

Inner  diameter  =  ^  (determine  highest  usable  frequency  of 

operation  f^) 

A  =  wavelength  in  asphaltic  concrete  at  f^ 


Backup  Cavity  Height  =5'  (in  asphaltic  concrete) 

Using  these  relations,  a  45  foot  (0D)  and  7.5  foot  (ID)  log  spiral  would 
theoretically  cover  the  frequency  range  of  8  to  30  Me  at  maximum  efficiency. 

The  spiral  slot  antenna  has  been  found  to  be  che  most  useful  form  since 
it  permits  the  feeding  of  such  a  balanced  structure  in  a  completely  balanced 
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manner  by  embedding  th*  coaxial  feed  cable  In  Che  ground  plane.  Figure  3-3 
•hove  chle  technique  as  used  In  the  experimental  evaluation  of  scale  i»del  of 
the  HF  spiral.  Dyson  refers  to  this  smthod  of  feed  as  the  "infinite  balun." 
Figure  3-4  shows  the  technique  that  should  be  used  to  excite  the  four  anas 
of  •  spiral  slot  antenna  operating  in  the  second  node. 

3.3  RADIATION  PATTERN 

The  antenna  radiation  patterns  are  relatively  insensitive  to  the  number 
of  turns  used  although  there  stay  be  optimum  ranges  of  operation.  Good  patterns 
are  generally  obtained  for  spirals  in  the  order  of  1  to  1.5  turns. 

The  log  spiral  radiates  a  circularly  polarised  field  (axial  ratio  -  2:1) 
for  frequencies  in  tdiich  the  spiral  arm  length  is  equal  to  or  greater  than  a 
wavelength.  For  frequencies  such  that  the  spiral  anas  are  short  in  terms  of 
A,  the  radiated  field  is  linearly  polarized.  This  would  be  the  case  for 
frequencies  below  fj.  In  the  vicinity  of  fg,  the  tenainal  region  of  che 
spiral  becomes  the  radiator  and  since  this  approaches  a  half  weve  dipole,  the 
radiated  field  in  the  vicinity  of  fj  becomes  linearly  polarized. 

3.4  INPUT  IMPEDANCE 

The  input  lspedsnce  of  a  log  spiral  antenna  converges  rapidly  as  the 
spiral  arm  length  exceeds  a  wavelength  and  la  generally  a  function  of  the 
factor  K  *  ,  In  general,  for  conduction  arm  or  slot  spirals,  the  antenna 

P1 

is  rarely  mismatched  by  more  than  3:1  to  a  50  ohm  line  and  as  exhibited  in 
the  Sylvania  experimental  program,  the  VSWR  is  usually  less  than  2:1  over 
the  operating  frequency  range. 

This  feature  of  the  log  spiral  antenna  is  outstanding  in  chat  once  the 
design  of  the  antenna  is  established,  operation  over  a  broad  frequency  band 
is  possible  without  the  use  of  matching  networks.  In  adoicion,  the  constant 
input  impedance  characteristic  of  the  log  spiral  appears  to  be  maintained 
under  the  effects  of  a  debris  cover;  in  the  experimental  program  at  Sylvania, 
for  a  10  ft  dlMeter  spiral,  che  input  Impedance  improved  with  debris  loading. 
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3.5  EXPERIMENTAL  INVESTIGATION  OF  THE  LOG  SPIRAL  ANTENNA 

The  experimental  investigation  of  the  log  spiral  during  Phase  2  was 
concerned  with  the  measurement  of  input  impedance,  bandwidth,  field  intensity, 
and  the  effects  of  debris  on  these  parameters. 

Measurements  made  at  90  Me  on  random  samples  of  the  farm  loam  used  as 

.3 

a  debris  cover  indicated  an  average  conductivity  of  3  x  10  mho/m  and  a 
relative  dielectric  constant  of  3.3.  Appendix  F  contains  a  discussion  of 
the  test  procedure  and  tabulation  of  debris  measurements  at  Waltham, 
Massachusetts. 

The  log  spiral  scale  model  used  in  the  experimental  program  is  shown 
in  Figure  3-5.  It  is  10  feet  in  diameter  and  was  fabricated  from  copper 
wire  insect  screening  attached  to  a  plywood  form.  Design  details  together 
with  appropriate  equations  for  each  spiral  slot  arm  and  feed  cable  are  shown 
in  Figure  3-3. 

The  four-arm  spiral  slot  antenna  investigated  at  Sylvania  (Figure  3-5) 
was  placed  over  an  18-inch  backup  cavity  and  is  shown  in  Figure  3-6.  Addi¬ 
tional  construction  details  are  given  in  Appendix  B. 

An  infinite  balv  feed  arrangement  is  shown  in  Figure  3  3  together 
with  an  expanded  view  of  the  central  region  In  Figure  3-4.  Dummy  cables 
( RG-8/U  short  circuited  at  both  ends)  were  used  to  maintain  structural 
symmetry  on  the  other  three  arms. 
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Figure  3-3,  Log  Spiroi  Antenna, 
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TOT  VIEW 


SIDE  VIEW 


KG-  ^0  FEED  CABLE  STUFFED  OF  INSULATION 
AND  SOLDERED  TO  SFtRAl  SCREEN 


FEED  FOR  OTHER  ARMS  OF  SFIRAL 

Figure  3-4.  Log  Spiral  Antenoo  F  ed  Arrangement. 
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Figure  3-5.  Photo  of  Scot*  Model  of  HP  Spiral. 


Input  impedance  measurement*  on  the  four -arm  spiral  antenna  from  95  to 
120  Me  are  shown  in  the  Smith  plot  of  Figures  3-7,  3-8,  and  3-9,  for  no 
debris  and  for  conditions  20  and  21.  Figure  3-10  presents  a  composite  plot 
of  these  conditions  where  it  can  be  seen  that  the  measured  input  Impedance 
with  no  debris  closely  approximates  the  design  criterion  of  50  ohms,  hood¬ 
ing  the  log  spiral  antenna  with  debris  improved  the  input  impedance  match 
to  a  50-ohm  line. 

The  debris  cover  was  placed  on  a  plywood  platform  spaced  approximately 
6  inches  above  the  plane  of  spiral  by  glass  blocks.  This  spacing  served  to 
simulate  the  isolation  effects  of  an  asphaltic  blanket  placed  over  an  actual 
antenna  to  nrotect  it  from  the  ablative  effects  of  a  nuclear  weapon. 

Because  of  the  weather  conditions  existing  during  the  experimental  pro¬ 
gram,  soil  was  packed  in  50  pound  bags  and  stored  at  above  freezing  tem¬ 
peratures  until  actually  used.  The  log  spiral  was  tested  under  two  debris 
blankets,  the  only  difference  being  in  the  way  the  debris  bags  are  placed 
over  the  antenna  (completely  random)  and  the  distribution  of  the  glass  blocks 
underneath  the  plywood  platform  supporting  the  debris  (also  random). 

The  radiated  field  intensity  from  the  spiral  antenna  was  measured  at 

seven  stations  situated  on  a  circle  53  feet  from  the  center  of  antenna  site. 

These  stations  are  shown  in  Figure  1-3.  A  plot  of  the  elevation  pattern  of 

the  log  spiral  at  stat Ion  8  is  shown  in  Figure  3-11  for  the  vertically 

polarized  component  of  electric  field,  Ey.  Bandwldths  of  approximately  20° 

were  measured  fmr  E  with  and  without  debris  (first  cover).  The  field  in- 
v 

tensity  under  condition  21  increased  by  3  db  over  the  no-v'ebris  and  is  due 
to  a  conversion  of  energy  from  the  horizontally  polarized  component  E^,  to 
the  Ev  component.  This  fact  is  illustrated  in  the  data  plotted  in  Figure 
3-12  where 

Ey  is  the  vertically  polarized  electric  field  with  no  debris 

Evd  is  the  vertically  polarized  electric  field  with  full  cover  of 
debris  (second  cover) 


4-1-0775 


Figure  3-7.  input  Impodonca  of  10*  Diomatar  Log  Spiral  No  Dabrii. 


147 


LOG  SPIRAL  ANTENNA  IMPEDANCE  DEBRIS  CONDITION  #  30  (1/2  COVER) 

Figure  3-8.  Input  Impedance  of  10'  Diameter  Log  Spiral  Half  Cover  of  Debris. 
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Figure  3-9.  Input  Impedance  of  10'  Diameter  Log  Spiral  Full  Caver  of  Debris. 


Elevation  Pattern  (  E  ,  E  .y  for  Log  Spiral  With  and  Without 


MONOPOU 


is  the  horizontally  polarized  electric  field  with  no  debrie 

ia  the  horizontally  polarized  electric  field  with  full  covar 
of  debris  (second  cover) 

The  ordinate  in  Figure  3-12  is  normalized  to  the  field  intensity  which 
would  be  received  from  a  100  percent  efficient  A/4  monopole  over  a  perfect 
ground  (o  *  oo)  at  a  range  of  53  feet.  Its  magnitude  would  be  85.7  db  above 
1  f/v/m  for  an  input  power  of  1  milliwatt.  This  is  a  standard  reference 

us  d  tl.jjjsijgi.uut  t.iis  report. 

Referring  to  Figure  3-12  we  see  that  loading  the  log  spiral  with  full 
layer  of  debris  (second  cover)  had  the  following  effects  at  station  6: 

(1)  Magnitude  of  E^  decreased  approximately  8  to  10  4b  for  elevation 
angles  of  7  to  30  degrees. 

(2)  Magnitude  of  Ev  decreased  slightly  at  low  elevation  angles 

(7  to  13°)  and  then  remained  essentially  constant  to  30°.  It  can 
be  seen  that  Ev<J  at  an  elevation  angle  of  30°  is  greater  than  Ey 

(no  debris  case)  by  12  db. 

(3)  Circularity  ratio  (E y/E^)  improved  significantly  with  debris 

load.ng  especially  at  the  higher  elevation  angles  where  its  value 
was  unity. 

An  elevation  pattern  taken  at  station  6  indicates  the  change  occurring  In 
the  radiation  pattern  of  a  spiral  under  second  debris  cover.  These  patterns 
are  plotted  (Figure  3-13)  from  data  of  Figure  3-12  and  correspond  to  a  full 
debris  cover  at  a  range  of  53  feet.  The  radiated  field  intensity  received 
from  the  A/4  reference  monopole  at  station  6  is  also  plotted  in  Figure  3-13. 

Figures  3-14  and  3-15  sumnarlze  the  measured  field  intensity  at  scations 
5  and  1  for  the  log  spiral  (with  and  without  debris)  and  the  reference 
X  4  monopole.  The  measured  data  of  versus  at  these  stations  followed 
the  same  behavior  as  at  station  6;  i.e. .  it  decreased  with  debris  loading 
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(LOG  SP1RAl> 


-14.  Measured  Field  Intensify  Versus  Elevition  Angle  for  Log  Spiral  at  Station  5 
With  ond  Without  Debris. 
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monopoif 


whereas  in  Figures  3*14  and  3-15  E^  increased  with  debris  loading.  This 
was  consistently  observed  during  the  experimental  program  and  appears  to  be 
a  characteristic  of  the  log  spiral  antenna. 

The  azimuthal  radiation  pattern  of  the  log  spiral  (for  Ey)  at  a  fixed 

elevation  angle  of  approximately  18°  is  shown  in  Figure  3-16  together 

with  that  of  the  reference  monopole.  These  field  Intensity  plots  were  made 

at  90  Me  with  an  antenna  Input  power  of  1  milliwatt.  For  the  case  of  a  log 

spiral  operating  under  a  debris  cover,  radiated  field  was  only  monitored 

at  stations  1,  5,  and  6.  Referring  to  Figure  3-16  we  see  that  the  log  spiral 

exhibits  lobing  in  the  azinuthal  plane  with  an  increased  gain  over  a  monopole 

(~  4  db)  at  0,  of  45°  to  90°,  a  null  at  8.  of  zero  and  a  second  maximum 
Az  Az 

at  equal  to  -45  .  Debris  loading  appears  to  fill  in  the  null  in  the 
azimuthal  pattern  without  significantly  affecting  the  second  maximum  in  the 
NW  quadrant. 

3.6  SUMMATION  OF  EXPERIMENTAL  RESULTS 

The  experimental  investigation  of  the  10  ft  diameter  log  spiral  antenna 
with  backup  cavity  with  and  without  debris  resulted  in  the  following  con¬ 
clusions  . 

3.6.1  Input  Impedance 

The  measured  input  impedance  closely  correlated  theoretical  predictions 
over  the  frequency  range  used  in  the  test  program.  The  input  VSWR  from 
7  to  120  Me  decreased  with  debris  loading  as  shown  below  and  approached  a 
matched  condition  (Z  =  50  ohms) 
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Figure  3-16,  Azimuthal  Plot*  of  Log  Spiral  (With  and  Without  Debris)  and  the 
Reference  ^/4  Monopole. 
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TABLE  VII 

Input  VSWR 

Frequency  No  Debris  Full  Debris*  Cover 


Me 

75  2  1 


80 

1.65 

1.1 

90 

1.70 

1.2 

100 

2.25 

1.25 

110 

1.9 

1.4 

120 

2 

1.5 
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3.6.2  Radiation  Pattern 

The  log  apiral  exhibited  lobing  in  both  the  azimuth  and  elevation  planes 
for  the  no  debris  case.  The  antenna  gains  taken  from  azimuthal  patterns 
(Figure  3-16)  are  as  follows 


Frequency  ®Ae 


Gain  over  A/4  Monopole 


Me 

db 

Comnents 

90 

45°  to  90° 

4 

for  P.  =  mu;,  R  =  53  ft 
in 

90 

0°  N 

-16 

and  no  debris. 
Reference  for  6,  is 

90 

-45° 

-1 

Az 

true  north. 

The  elevation  patterns  for  Ev>  and  Indicate  a  beanwidth  of  approximately 
20°.  Under  debris  loading,  the  following  effects  were  noted  in  the  radiation 

patterns  ai  90  Me. 


(a)  In  general,  the  vertically  polarized  electric  field 
component  E^,  remained  the  same  or  increased  significant! 
(Thus,  debris  loading  appears  to  enhance  E^.) 

(b)  In  general,  the  horizontally  polarized  electric  field 
component  Ejj,  decreased  --i.e.,  the  energy  being 
converted  into  vertically  polarized  component,  Ev- 

(c)  Beamvidths  of  the  Ev  and  components  in  elevation 
are  not  affected  significantly  by  ueoris;  i.e.,  BW  is 
20°  with  and  without  debris . 

(d)  No  azimuthal  lobing  was  observed  at  monitoring  stations. 
The  null  in  pattern  at  station  1  (under  no  debris  case) 
was  filled  in  under  the  debris  loaded  condition. 
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The  effects  of  debris  loading  on  the  log  spiral  versus  frequency  are 
shewn  In  Figure  3-17.  These  results  are  for  field  intensities  aeasured  at 
station  1  and  at  an  elevation  angle  of  18  degrees.  This  figure  clearly 
shows  the  increase  in  the  vertically  polarized  E  field  intensity  (Ey)  with 
debris  loading.  It  can  be  seen  that  under  a  full  cover  of  debris,  the 
gain  of  the  log  spiral  is  approximately  1  to  2  db  over  a  A/4  mono pole  from 
86  to  118  Me.  At  90  Me.  the  vertically  polarized  component  increased 
approximately  3  db  with  a  half  cover  of  debris,  and  7  db  with  a  full  covar 
of  debris  over  the  no  debris  case. 
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SECTION  4 
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LINEAR  SLOT 


4.1  LINEAR  SLOT  ANTENNA  BACKED  BY  A  RECTANGULAR  CAVITY 

Sloe  type  antennas  as  used  in  the  microwave  field,  provide  an  antenna 
which  can  be  mounted  flush  with  the  ground  and  therefore  can  be  made  ex¬ 
tremely  hard,  capable  of  withstanding  very  high  overpressures.  Basically  it 
is  possible  to  use  a  long  slot  in  a  conducting  screen  which  is  placed  on  the 
ground  surface  and  separates  the  lossy  ground  from  the  lossless  air.  By 
exciting  the  slot  by  a  current  source  which  lies  in  *•**•  interface  between  the 

two  media  an  electric  field  is  set  up  across  the  slot,  producing  a  radiation 

13 

field.  An  antenna  of  this  type  has  been  analysed  by  J.  Galejs  The 
radiation  efficiency  of  the  slot  is  very  low  (less  than  l'lOjS)  due  to  the  high 
ground  losses.  Therefore  this  type  of  slot  antenna  is  not  useful  for  the 
application  at  hand.  However,  much  higher  radiation  efficiencies  are  possible 
in  a  slot  antenna  backed  by  a  cavity,  as  has  been  shown  by  J.  Galejs*-*. 

The  basic  configuration  of  the  rectangular  cavity-backed  linear  slot 
antenna  is  shown  in  Figure  4-1.  The  upper  surface  of  the  cavity  (length  xo, 
width  yQ)  is  flush  with  the  ground  surface.  The  depth  of  the  cavity  ia 
A  horizontal  slot,  parallel  to  the  longer  side  of  the  cavity  (x0)>  is  placed 
in  the  upper  surface.  The  slot  width  is  d,  and  the  distance  from  the  edge  is 
yc<  The  slot  position  in  the  upper  surface  is  arbitrary;  i.e.,  the  coordinate 
of  the  slot  center  (yc)  can  vary  from  d/2  to  y^/2: 


Of  particular  Interest  are  the  positions 


y 


c 


slot  at  one  side  of  cavity 


*o 

T 


slot  ir  middle  of  cavity 
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the  source  is  applied  either  across  the  slot  in  the  tnidd’. ■>  (at  x  *  )  or  by 

a  vertical  E  probe  in  center  (or  to  one  side)  or  by  a  loop  at  one  side  of  the 
cavity  The  electric  field  is  excited  across  the  slot  in  the  y-direction. 

The  cavity  acts  as  a  waveguide  which  is  shorted  at  one  end,  operating  in  the 
fundamental  TE,q  mode.  The  direction  of  propagation  is  either  in  the  z- 
direction  or  y-direction  depending  on  the  excitation  and  position  of  the  slot. 
The  predoroinent  components  of  the  E  field  are  E^  and  respectively.  One 
propagating  mode  is  obtained  when  xo  <  A  <  2  xq  if  the  cavity  is  filled  with 
air.  When  the  cavity  is  filled  with  a  dielectric  of  relative  dielectric 
constant,  the  guide  wavelength  is  reduced  to 


with 


X 


c 


X 


V 


+ 


For  the  TElfl  mode,  X  -  2x  and  X 
10  cog 


The  cutoff  wave¬ 


length  is  given  by  kJT^  =  Xo/2xo;  XQ  =  2xq  .  In  order  that  the  TE^q 

mode  can  exist  the  operating  frequency  must  be  greater  than  the  cutoff  fre¬ 
quency  i.e. 


f  > 


where 


c 

fco  =  2x  iS  the  CUCo^  frequency  in  the  air-filled  cavity.  When  the  cavitv 
o 

is  filled  with  a  dielectric  material  with  a  dielectric  constant  of  -  .  the 

cutoff  frequency  is  reduced  by  1/  yr  .  Thus  for  a  given  operating  frequence 

the  cavitv  cross  section  can  be  reduced  to  (1 '  \]7  )2  =  1  . 

•  r  v 


4.2 


DESIGN  OF  ANTENNA 


We  consider  two  designs  which  yield  optimum  efficiency.  In  one  case  the 
slot  is  at  the  edge  of  the  cavity,  in  the  second  configuration,  it  is  in  the 
center.  In  order  to  get  optimum  efficiency  the  cavity  is  designed  to  operate 
at  a  frequency  which  is  above  the  first  cutoff  frequency,  so  that  the  TE^ 
mode  can  propagate.  When  the  slot  is  in  the  center  the  direction  of  propa¬ 
gation  is  in  the  z-direction.  Optimum  efficiency  of  the  cavity  would  be  ob¬ 
tained  if  the  cavity  depth  could  be  made  one  fourth  of  the  guide  wavelength 
A  .  Considering  a  frequency  of  10  Kc  (wavelength  of  100  feet  In  air),  a 

O 

quarter  wave  depth  would  be  25/  *  15  feet  using  a  fill  material  with  a 

dielectric  constant  of  2.8.  However  it  is  possible  to  achieve  good  efficiencies 
with  considerably  smaller  cavities  which  are  designed  to  operate  close  to 
resonance. 

The  design  of  such  a  cavity  is  as  follows:  The  condition  for  propagation 
: f  the  TE10  mode  ia: 

xo  mr<  2xoi~^ 

Choosing  a  design  frequency  of  f  »10Mc,  we  get  x  >c  /f  2^/r«109fi07  2 „ 7~ 

o  "  o  o'  o  '  *  r  v  r 

"  50 /  f\f^  feet-  The  length  of  the  cavity  x^  must  be  greater  tha.i  50  feet 

for  air,  and  greater  than  50/ y 2 . 8  *  30  feet  for  asphalt  (c  *  2.8),  We  choose 

xQ  =  60/^7^  *  36  feet  (or  60  feet  for  air). 

The  width  yQ  and  depth  zq  are  chos  n  so  that  the  cavity  is  resonant  at  the 

design  frequency  f  =  10  Me.  The  terminal  susceptance  B  of  the  slot  measured 
between  two  points  in  the  middle  of  the  slot  is  then  zero.  For  a  certain  slot 
width  there  is  a  combination  of  yQ  and  zq  which  makes  the  cavity  resonant, 

Table  VIII  (for  an;  air-filled  cavity)  shows  data  for  various  cavilv  widths  v 

'  o 

which  yield  a  resonant  cavity.  The  slot  width  is  small  (1/4  foot).  The  slot 
position  is  either  in  the  middle  of  the  top  surface  (y  *  y{j/2)  or  at  one  end 
(y  *  d/2).  The  table  shows  that  resonant  cavities  can  be  obtained  with 
cavities  of  depths  of  less  than  5  feet.  The  cavity  volume  is  always  smaller 


TABLE  VIII 

CAVITY  DATA  VERSUS  CAVITY  WIDTH  y&i\Q  AIR  FILLED  CAVITY 


C.vitv  Vol.  BW/f  (BW/VoDxiO5 

x  10‘  ° 


A 

Y  *0 

c  =  T 

d 

2 

T 

d 

2 

Y 

o 

2 

d 

2 

Y 

o 

2 

0.42 

0.05 

- 

12.6 

0.15 

• 

1.3 

0.40 

0.055 

0.016 

15.2 

3.85 

0.17 

0.036 

1.3 

0.30 

0.08 

0.04 

14.4 

7.2 

0.18 

0.08 

1.3 

0.28 

- 

0.05 

- 

8.4 

- 

0.09 

0.20 

0.12 

0.09 

14.4 

10.8 

0.19 

0.12 

1.32 

0, 10 

0. 10 

0.17 

12 

10.2 

0.16 

0.12 

1.33 

0.95 

1.1 

1.1 

1.1 

1.2 
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if  the  slot  is  on  the  side  but  the  efficiency  is  also  less.  An  estimate  of 
the  efficiency  is  obtained  by  considering  the  relative  bandwidth  of  the 
cavity  which  is  tabulated  in  Table  VIII.  The  bandwidth  near  resonance  is  de¬ 
fined  as  EW  »  fj  •  fj,  where  the  susceptance  j  Bj  of  the  slot  Is  twice  the 
conductance  C  at  and  There  is  a  maximum  of  bandwidth  for  a  cavity 

width  approximately  0.2  Aq.  The  maximum  bandwidth  is  greater  if  the  slot 
is  in  the  center  of  the  cavity,  and  also  the  bandwidth  per  unit  volume  is 
greater  in  this  case.  We  find,  therefore,  that  within  the  range  of  parameters 
considered,  the  cavity  with  the  slot  in  the  center  appears  to  offer  a  better 
utilisation  of  the  cavity  voltane  and  therefore  may  be  somewhat  more  economical 

The  bandwidth  of  the  slot  can  be  Increased  by  increasing  the  slot  width. 
At  the  same  time  the  depth  of  the  cavity  must  be  increased  to  obtain  resonance 
But  the  percent  increase  in  bandwidth  is  greater  than  the  percent  increase  in 
volume  so  that  the  bandwidth  per  unit  volume  is  increased  as  the  slot  Is  made 
wider.  The  maximum  obtainable  bandwidth  for  a  resonant  cavity  (air  filled) 
with  a  slot  width  of  1/4  ft  is  12%  with  a  volume  of  10.8  x  10^  ft**  (  Table  VIII 
slat  an  one  si da) .  As  the  a lot  width  is  increased  to  2  feet  the  maximum 
bandwidth  increases  to  3W  and  the  volisne  doubles.  Thus  we  have  the  situation 
that  the  volume  has  to  be  increased  if  the  slot  is  increased,  and  as  s  result 
a  greater  bandwidth  is  obtained. 

When  the  cavity  is  filled  with  dielectric  material  all  dimensions  of 
the  cavity  arr  reduced  by  1  The  slot  length  is  therefore  reduced  and 

radiation  conductance,  which  is  determined  by  the  Blot  area,  is  reduced.  This 
reduction  of  can  be  compensated  within  certain  limits  by  increasing  the 
slot  width;  i.e.  ,  by  maintaining  a  constant  slot  area.  Furthermore,  the  Q  of 
the  cavity  ia  reduced  if  it  is  filled  with  dielectric  material  due  to  the  di¬ 
electric  losses.  In  air  the  Q  cf  the  cavity  is  determined  by  the  radiation 
conductance  and  the  ground  losses,  which  are  small.  The  Q  of  the  dielectric 
cavity  la  determined  by  the  radiat ion  conductance  and  the  total  loss  conduct¬ 
ance.  The  Qj,  resulting  from  the  losses  is  determined  by  the  dielectric  fill 
material,  as  when  asphaltic  concrete  is  recommended.  Practical  experience 
with  asphalt-filled  antennas  indicates  that  the  is  in  the  range  of  50  to 
70. 
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4.3 


EFFICIENCY  CONSIDERATIONS 


The  efficiency  of  the  slot  antenna  is  determined  in  the  9«me  manner  as 
has  been  used  with  the  annular  slot  antenna,  using  the  basic  relation  between 
bandwidth  and  radiation  power  factor  p  that  is  valid  for  every  tured  circuit 
or  cavity; 


where  &*yo >Q  is  the  relative  bandwidth  of  the  cavity  which  is  only  loaded  with 
radiation  conductance. 


The  efficiency 


n  =  pQj 


l 

i  +  T/pQl 


TJ  * 


1  + 


The  efficiency  chat  is  obtained  with  a  bandwidth  of  10$  and  say  a  Qt  ■ 
50  is  therefore 

n  =  - ! - -  =  |  =  0.83  or  83* 

0.1  X  50 

and  with  a  bandwidth  oi  2T ;  i.e.,  p  -0-02 

ti  =  - i-y -  =  j  or  5W. 

1  *  0.02  }  50) 

We  can  now  proceed  to  design  the  cavity  for  an  operating  frequency  of 
10  Me.  The  cavity  is  filled  with  asphaltic  concrete  to  obtain  the  necesrary 
hardness.  The  Q  of  the  cavity  due  to  losses  is  taken  as  =  50.  The  depth 


of  the  cavity  is  chosen  at  about  5  feet,  since  this  is  a  depth  which  will 
yield  a  handwidth  which  is  nor  far  removed  from  the  maximum  obtainable  band¬ 
width,  while  on  the  other  hand,  it  keeps  the  volume  and  hence  cost  within 
practical  limits. 

Design  A.  The  slot  is  in  the  center  of  the  cavity  as  shown  in  Figure 
4-2.  The  dimensions  of  the  cavity  in  air  having  a  depth  of  5  feet  are  taken 
from  Table  VIII  end  compiled  in  Table  IX.  The  dimensions  are  then  reduced  t>y 
I  /  Vfr  =  O'®  for  asphaltic  concrete-filled  cavity  and  the  slot  width  in¬ 
creased  to  2  feet  in  order  to  obtain  optimum  bandwidth. 

Design  B.  The  slot  is  at  the  end  of  the  cavity  (See  Figure  4-3),  and 
the  slot  width  is  taken  equal  to  the  cavity  depth.  In  this  manner  a  folded 
cavity  is  obtained.  The  wide  slot  gives  a  z-camporent  (vertical  component), 
of  the  electric  field  at  the  slot  edges.  This  field  can  propagate  in  the 
y-direction.  To  obtain  optimum  efficiency  the  width  y  ,  which  is  not  actually 
the  depth  of  the  cavity  because  y  is  the  propagation  direction,  should  be 
approximately  1/4  wavelength.  The  design  data  are  listed  in  Table  X. 

These  two  antennas  provide  high  efficiency  with  a  comparatively  low 
volume  (120  cubic  yards). 

4.4  SUMMARY 

The  rectangular  slot  backed  by  a  rectangular  cavity  is  very  suitable  for 
use  as  a  hardened  antenna,  capable  of  withstanding  severe  nuclear  weapons 
effects.  The  size  of  the  antenna  designed  for  a  frequency  of  10  Me  is  in 
the  order  of  18  x  36  feet  and  the  depth  need  not  exceed  5  feet,  yielding  a 
cavity  volume  of  120  cubic  yards.  The  bandwidth  of  this  antenna  is  in  the 
order  of  10T  to  15T,  but  with  u  suitable  tuning  and  matching  network  at  the 
fe*  point  it  may  be  operated  over  a  broad  frequency  range  of  approximately 
2:1.  There  will  be  changes  in  the  operating  mode  as  the  frequency  is  increased 
and  the  cutoff  frequencies  of  the  higher  cavity  modes  are  exceeded.  This  will 
cause  changes  in  the  radiation  pattern  and  yar'ations  in  the  terminal  im¬ 
pedance  which  have  to  be  further  examined.  The  radiation  pattern  of  the  slot 
operating  in  the  dominant  mode  is  similar  to  that  of  a  vertical  loop.  It  is 
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4-1*057? 


Figure  4-2.  Configuration  of  Linear  Slot  Centrally  Located  -  I  10-20  me  ) 


TABLE  IX 


Air 

Asphalt 

Cavity  length  xq 

60  ft 

36  ft 

Cavity  width  yQ 

30  ft 

18  ft 

Cavity  depth  zq 

8  ft 

5.0  ft 

Slot  width  W 

1/4  ft 

2  ft 

Cavity  Volume 

14.4  x  103 
cub.  ft 

3.25  x  10 

Bandwidth  &u/uq 

0.18 

0,18 

QL 

150 

50 

Eff ic lency 

95$ 

89$ 

ft 
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TABLE  X 


Air 

Asphalt 

Cavity  length  xq 

60  ft 

36  ft 

Cavity  width 

30  ft 

18  ft 

Cavity  depth  zq 

4  ft 

5.4  ft* 

Slot  width  w 

1/4  ft 

5.4  ft* 

Cavity  volume  x  y  z 
c'o  o 

7.2  x  103 
cubic  ft 

3.5  x  103 
cubic  ft 

Bandwidth 

0.08 

0.09 

Qt 

150 

50 

Efficiency 

923 

823 

*The  depth  was  increased  from  4/yT^  =  2.5  ft  to  5.4  ft  in  order  tc  increase 
the  bandwidth  and  efficiency. 
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figure  x  shaped  on  the  ground  and  vertically  polarited,  thus  providing 
directional  radiation  (see  Figure  4-4).  It  is  possible  to  obtain  omni¬ 
directional  radiation  hy  using  a  square  cavity  (same  depth)  and  providing  two 
slots  at  right  angles,  crossing  at  the  center  of  the  cavity.  The  two  slots 
are  fed  separately  at  the  center  by  two  transmission  lines  with  a  phase  shift 
of  90°  between  the  two  feed  voltages. 

The  construction  of  the  cavity-backed  slot  antenna  is  simple.  The  walls 
of  the  cavity  are  made  from  heavy  copper  mesh,  and  it  can  be  filled  with  as¬ 
phaltic  concrete  of  high  dielectric  quality  and  high  strengtn:  thus  a  linear 
slot  represents  an  extremely  hardened  antenna  in  the  HF  band.  The  upper  sur¬ 
face  of  the  cavity  with  the  sic*  's  covered  with  a  layer  of  asphalt  of  at 
least  12  to  13  inch  thickness,  i  provide  protection  against  thermal  radiation 
effects . 

4.5  EXPERIMENTAL  INVESTIGATIONS 
4.5.1  Scale  Model 

The  scale  model  of  the  linear  slot  antenna  used  in  the  experimental  pro¬ 
gram  is  showr.  in  photograph  Figure  4-5.  Design  center  frequency  for  the 
antenna  was  90  Me.  The  model,  details  of  which  are  given  in  Appendix  B, 
utilized  a  telescopic  feed  probe  centrally  located  within  a  rectangular  back¬ 
up  cavity  and  provisions  were  incorporated  for  varying  the  slot,  aperture. 

Glass  blocks  in  the  back-up  cavity  were  used  to  support  the  top  cover. 

Debris  loading  of  the  antenna  consisted  of  the  placement  of  debris  on  a 
wooden  platform  6  inches  above  the  plane  of  the  antenna  aperture  which  as  in 
the  case  of  the  log  spiral  simulates  the  isolation  which  would  be  provided  by 
an  asphaltic  blanket  in  an  actual  antenna. 

Two  cases  of  debris  loading  were  considered 

(a)  uniform  cover  over  one  half  the  aperture  (condition  20,  HC) 

(b)  uniform  cover  over  the  whole  aperture  and  designated  full  cover 
( condit ion  19) . 
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AZIMUTH  PATTERN  (HORIZONTAL) 


ELEVATION  PATTERN  (VERTICAL) 


NOTE:  E  IS  VERTICALLY  POLARIZED  COMPONENT  OF  FAR  FIELD 
« 

E^  IS  HORIZONTALLY  POLARIZED  COMPONENT  OF  FAR  FIELD 


Figure  4-4.  Rodiation  Pattern  of  Linear  Slot 


Figure  4-5.  Photo  of  linear  Slot  Scale  Model  Antenna 


4.5.2  Input  Impedance  Considerations 

a)  Tables  XI  and  XII,  Figures  4-6.  4-7,  and  4 -8  summar  1  ze  the  input 

impedance  and  VSWR  from  75  to  100  Me.  Appendix  C  contains  a  detailed 
summary  of  the  experimental  setup  and  impedance  roll-back  techniques 
used  at  Sylvania  for  measurement  and  calculation  of  antenna  input 
impedance . 

b}  Experimental  investigations  Indicate  tnat  the  input  impedance  is  not 
critical  to  slot  aperture  variations  in  tne  order  ■"  6  to  13  inches, 
"o-t it  was  e  f(»»»»>r1an  of  the  feed  Drofce  position  when  the  probe 
was  centrally  located. 

c)  Without  debris,  for  VSWR  ■<  2:1  (no  tuning  cr  matching  network'- 
Bandwidth  =84  to  91  Me,  or  about  10  percent  for  88  Me. 

d)  With  debris,  VSWR  (from  84  to  91  Me)  increased  to  10:1, 

e)  With  appropriate  tuning  and  matching  network,  can  achieve  the  follow¬ 
ing  performance  with  and  without  debris: 

without  debris,  VSWR  <  2.5  to  1  from  75  to  >  100  Me 
with  condition  20  HC  debrii,  VSWR  <  2.5  to  1  from  75  to  >  100  Me 
with  condition  19  FT  debris,  VSWR  ^  3.4  t.  2.5  from  75  to  85  Me 

VSWR  <2.5  t)  1  from  85  to  >  100  Me. 


4.5.3  Field  Intensity  Measurements 

(a)  Radiation  Pattern 

The  azimuthal  radiation  pattern  at  a  fixeu  elevation  angle  of  18 
degrees  as  a  function  of  frequency  is  shown  in  Figure  4-9,  and  exhibits  chat 
expected  from  such  an  antenna  (i.e.,  a  tigure-eight  pattern  in  azimuthal 
Diane) .  Appendix  C  contains  details  of  experimental  setup  used  co  perforin 
the  field  intensity  measurements. 

(b)  Gain  over  an  actual  monopole. 


f 

Gain 

0,  for  max. 
A  z 

76 

Me 

1  db 

0 

o 

from  plane 

of 

antenna 

85 

Me 

2  db 

90° 

from  plane 

of 

antenn  >» 

90 

Me 

-1  db 

125° 

from  plane 

of 

antenna 

(c)  Antenna  Bandwidth 

Field  Intensity  versus  frequency  at  Station  1,  which  is  approximately 
90°  to  the  plane  of  the  linear  slot,  is  shown  in  Figure  4-10,  indicates  the 
following  characteristics. 

17f. 


(1)  Without  Debris,  antenna  exhibits  gsln  greater  then  a  A/4  monopole 
from  78  to  92  Me  with  peak  field  intensity  occurring  at  85  Me. 

(2)  With  condition  20  HC  of  debris,  the  peak  In  the  field  intensity 
versus  frequency  curve  shifts  to  90  Me.  In  general  th.'  nr. -ured 
field  intensity  decreased  approximately  2  db  from  the  no-debria 
case  Comparing  the  linear  slot  field  intensity  with  that  of  the 
monopole,  it  is  seen  that  debris  degradation  is  approximately  0 
to  2  db  from  78  to  92  Me. 

(3)  With  condition  19  FC  of  debris, the  peak  in  the  field  intern  it v 
curve  shifts  from  the  nc-debris  case  to  90  Me.  In  general,  the 
measured  field  intensity  equals  that  of  the  A/4  monopole  from  76 
to  86  Me,  was  greater  than  the  monopole  from  8S  to  97  Me,  and 
reached  a  peak  value  4  db  above  the  moncpole  at  90  Me. 
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TABLE  XI 


NORMALIZED  ANTENNA  INHUT  IMPEDANCE  (Zo  =  50  ohms) 


Freq. 

No 

Debris 

Condition  19 
Debris 

Condition  20 
Debris 

Me 

VZo 

ZJZ 
k  o 

VZo 

R 

X 

R 

X 

R 

X 

7  5 

u  •45 

*1.7 

1.0 

-2.9 

1.4 

-2.6 

80 

0.5 

*1.11 

0.85 

-2.7 

1.4 

-2.6 

85 

1.08 

-0.62 

0.70 

-2.41 

1.22 

-2.55 

90 

1.7 

-0.5 

0.55 

-2.00 

0.75 

-2.1 

95 

2.5 

-1.15 

0.49 

-1.70 

0.61 

-1.91 

100 

1.7 

-1.9 

0.45 

-1.38 

0.48 

-1.71 
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TABLE  XII 


VSVR  ANTENNA  INPUT  ( =  50  ohms) 


Freq . 

He 

No 

Debris 

Condition  19 

Condition  20 

70 

9.0 

10.0 

6.9 

80 

4  7 

10.0 

6.C 

85 

1.81 

10.0 

7.0 

90 

1.9 

9. 1 

7.8 

95 

3.3 

8.2 

8.0 

100 

4.2 

6.7 

8.8 

181 


SECTION  5 


THE  WIRE  SLOT  ANTENNA 


5.1  INTRODUCTION 

The  Wire  Slot  Antenna  (WSA)  consists  of  a  vertical  wire  slot  mounted 
above  a  conducting  plane.  (Figure  5-la.)  The  two  vertical  wires  form  two 
vertical  tnonopoles  which  are  connected  by  a  horizontal  wire  serving  as  a 
feed  line  for  the  second  grounded  monopole.  The  other  monopole  is  directly 
connected  to  the  coaxial  feed  cable. 

The  two  tnonopoles  are  the  principal  radiators  of  the  vertically  polarised 
fields.  The  cavity  la  excited  by  the  tnonopoles  and  apparently  acta  as  a 
resonator  which  contributes  essentially  to  the  radiation  field.  This  combin¬ 
ation  of  a  pair  of  vertical  tnonopoles  within  a  cavity  or  trough  in  which  they 
are  placed,  constitutes  Che  mathematical  model  on  which  the  following  analysis 
Is  based. 

5.2  ANALYSIS  OF  THE  WSA 

The  basic  dimensions  of  the  WSA  are  as  follows: 

w  ■  distance  bstwsen  the  two  vertical  wires  (monopoles) 

h  »  height  of  the  wire  slot  or  hslght  of  each  monopole  above 

the  ground  plane;  i.e.,  depth  of  cavity 

a,b  ■  length  and  width  of  cavity 

We  consider  first  the  current  distribution  and  input  impedance  of  the  antenna. 
The  two  monopolea  are  connected  at  the  top  by  e  horlsontsl  wire  of  length  w, 
parallel  to  the  ground  plane,  which  acts  as  a  transmission  Una  leading  the 
second  monopole  from  the  top,  whereas  ths  first  monopols  is  fed  from  the 
bese-end;  i.e.,  from  the  botton.  Thus  we  heve  the  following  equivalent 
circuit  In  Figure  5-lb. 


1 87 


This  current  varies 


The  grounded  radiator  carries  the  current  1^. 

sinusoidally  along  the  length  of  the  line,  since  the  attenuation  along  the 

line  is  negligible,  and  the  far  end  of  the  line  is  grounded,  so  that  a  standing 

wave  along  the  horizontal  wire  is  obtained;  i.e.,  I  *  I  cos  fix.  The  current 

o 

maximum  IQ  is  at  Che  grounded  end  and  the  Input  current  at  the  feed  point  is 

I,  *  1  cos  fi( w  +  2h)  with  fi  *  ~ 
in  o  X 

Since  fi(w  +  h)  >  zr  ,  the  current  reverses  its  phase  at  the  paint 

V  * 

fix  -  -r  ,  so  chat  both  1.  and  I  are  flowing  in  the  setae  direction  (upward); 
i.e.,  they  are  in  phase.  The  lead  through  connector  at  the  feed  point  has 
a  certain  capacity  which  shunts  the  feed  cable.  Parallel  to  this  capacitor 
is  the  transmission  line  which  has  the  impedance  Zo>  The  characteristic 
impedance  is  that  of  a  wire  of  radius  r  at  height  h  above  a  metal  plane. 

Thus 

2„  -  138  lo*10  T 

For 

“  =  100.  7  s»  280  ohm 
r  o 

which  correlates  reasonably  well  with  the  measured  impedance  of  the  model 
(315  ohms).  The  reactance  of  the  shorted  line  Is  j  Kq  tan  fi{ w  +  2h) 
m  1  Zq  tan  fit  =  t  •  w  +  2h.  The  resistive  part  of  the  input  impedance  is 

determined  by  the  radiation  resistance  and  loss  resistance  of  the  antenna. 

Of  particular  interest  are  the  first  series  and  parallel  resonances  of  the 
antenna.  These  occur  when 


tan  fi1t  *  0  ;  fit  =  n 


and 


Z  tan  fi  t  =  77r~ 

o  2  ti>2Ci 


Series  Resonance 


Parallel  Resonance 
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The  model  WSA  antenna  ha*  following  parameter* 


w  «  1.55  a  ;  h  *  0.25  n  ;  I  «*#•*■  *h-  2. 05  w 


Series  resonance  frequency 


ff«  fj  -  76  Me  ;  Xl 


Parallel  resonance  frequency 


V  f2  *  925  *  ;  x2 


Characteristic  Impedance 


Z  =  315  ohm 

c 


Effective  length 


0  f  .  f  .  r&jr  1 

1  e  ®  S.#5  e 


I  m  *  1.98  m, 

e  Z 


which  Is  quite  close  to  the  actual  length 


3.95  m 

3.24  n 

*  f 


Electrical  length 

Capacitance 


Capacity 


f  b  2.05  m. 

Ve=  sHl  *  198  =  123  *  or  220° 

«2C1  =Z  tan  0,1  *  315  tan  220°  *  264 

o  £  e 

6 

cr  M4  14  isTTo  =  6-5  ** 
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5.3  RADIATION  PATTERN  AND  RADIATION  RESISTANCE 

The  radiation  pattern  of  cvo  vertical  monopoles  which  are  fed  in  phase 
and  are  separated  by  the  distance  w  is  obtained  as  the  product  of  the  pattern 
of  a  single  monopole,  and  the  group  pattern  of  the  two  monopoles. 


ED  =  60  I  F  (x)  X  C(6,\0 
o  n 

D  =  distance  from  antenna 
♦  =  elevation  angle 

-  azimuth  angle  measured  from  plane  of  wire  slat 
1^  -  current  in  the  grounded  mono pole 

lin  =  P  lo  ;  P  =  COS  fil  “ 

o 


The  pattern  function  of  one  monopole  is 

F  (x)  =  Pt  cos  ♦  (t  *er  perfect  ground) 


The  group  pattern  function  for  the  case  of  equal  phase  in  both  radiations  is 
=  ^/ ( 1  +  p)2  -  4p  sin2(  ^  cos  ♦  cos  V) 

The  maximum  of  G  is  at  ♦  =  0* ;  =  90°,  G  =  G(0°,  90°)  =  (1  +  p) 

max 

The  minimum  of  G  in  the  ground  plane  Is  at  4  -  0*  =  0°, 

Gmin  =  G(0°*0°)  =  \/(l  +P)2  "  *P  sin2  l  ) 


The  ratio  of  the  square  of  the  field  intensities  on  the  ground  plane 


(♦  =  0) ,  at  the  azimuth  angles  ^  -  90 


K2  . 


Ig(0C,90 


°)  I2 


(maximum)  and  ^  =  0  (minimum)  is 

2. 


|g(o°,o°)  }' 


=  [i  .  *2.  *1*1, M2}  l’1 

(1  +  P)2  -I 
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line  radiation  real seance  of  a  single  short  mo no pole  of  height  h  over 
perfect  earth  referred  to  the  current  Iq  is 

R  -  4O(0h)2  -  40X4fa(£)a  -  160ra(£)a 
ro  A  A 

The  effective  height  la  equal  to  the  actual  height  in  this  case,  since 
the  horizontal  feed  wire  acts  as  a  top  load  for  each  of  the  monopoles,  so 
that  the  current  is  practically  uniform  on  the  antenna. 

The  radiation  resistance  of  the  group  referred  to  the  current  1q  in  the 
grounded  monopole  is 

Rrg  *  1  +  P2  +  2PS1 

S  is  a  function  of  (0w)  for  the  case  of  equal  phase  of  the  two  radiator 
currents.  It  is  determined  by  the  mutual  coupling  between  the  two  monopoles 

The  current  I  in  the  grounded  radiator,  to  which  the  radiation 
o 

resistance  is  referred,  is  given  br  the  total  input  power  PT  and  the  total 
resistance  in  the  circuit,  which  is  the  sum  of  the  radiation  resistance 
and  the  loss  resistance  : 

1oJ(Rrg  'V-'t1 

R_  can  be  estimated  from  the  Q.  of  the  r-  msmlsslon  line: 


WZ 

—2 

2RL 

for  the  half  -wave  length  line 

*L- 

xZ 

0 

with  Q.  *  150  end  Z  *  315  ohm 
L  o 

■l" 

*«315 

300 

«  3.3  ohm 

This  la  approximately  the  loss  resistance  of  the  model  antenna 
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r-250-1 


The  efficiency  of  the  entenne 
R 


n 


la 

The  radiated  power  ia  P 


Thus, 


and  the  field  intensity  on  the  ground  is 
(ED)q  «  60(01)  G<0,iM  ^VRrg 

(ED)  x  9jL£L  -ClLft .  x  -2L  qjjjfcl. . 

^O^h  tjl  +  p2  +  2pS  ^iT  ^1  +  P2  +  2pS 

-9.5  -  p-JipWr-  for  P  «  1  Watt, 

y  1  +  p*  +  2pS  r 

In  the  direction  0  =  0;^  =  90°  (broadside  direction)  the  field  la 


DE  (0,90)  ■  9.5 


9.5 


I  +  P 


1  +  p^  +  2pS 


and  in  the  endfire  direction  0  »  0°  ;  4*  ■  0° 


DE  (0,0)  -  9.5 


G(0 


f^l  +  p2  +  2pS 


Qj  9.5  \^(l+p)2  -  4p  ain2(0v/2) 


^  l  *  p2  +  2pS 


DE  (0,90) /K 


DE^otof^  "  ^  a*  ln0ic*t«d  above  • 
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The  field  intensity  of  the  single  top  loaded  vertical  tnonopole  over 

perfect  ground  is  obtained  for  p  =  0.  and  G(9,tl/)  =  1.  The  current  Iq  of  the 

mo  no pole  is  I  *  R  =  P 
o  to  r 

\ o -  VvC 


Thus 


DE(0)  =  60K  01  */P  /R  =9.5  Volt  for  P  =1  Watt 

'  ' mono  V  r  ro  r 

The  field  intensity  ratio  of  the  tnonopole  pair  to  the  single  monopole 
for  equal  radiated  power  is  in  direction  ♦  =•  0  ;  =  90° 


r<n»,0°  l2 
.(EDi«.no  J 


I1  i  p)2 

l+p  +  2pS 


G  (Directivity  of  WSA  in  the 
°  broadside  direction) 


and  in  direction  ♦  »  0°  ;  ^  *  0°  or  endfire  directi'  -i, 


r  ‘ 

2 

(ed) 

'  'mono  , 

[<“>»«,  J 

(l+p  +  2pS)  K‘ 
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Table  XIII  Uses  relative  field  intensities  and  radiation  resistances 
as  calculated  with  the  preceeding  expressions  for  the  conditions  of  the 
model  antenna: 


TABLE  XIII 


f  Me 

Am 

meters 

w/X 

81 

P  = 

cos  81 

380° (J) 

65 

<.60 

0.336 

161° 

0.944 

121° 

70 

4.28 

0.362 

172° 

0.991 

130° 

76 

3.95 

0.393 

187° 

0.993 

141.4° 

80 

3.75 

0.413 

197° 

0.957 

149° 

85 

3.53 

0.440 

209° 

0.873 

158° 

00 

3.33 

0.465 

222° 

0.743 

167° 

95 

3.16 

0.491 

234° 

0.593 

177° 

Me 

2S 

2 

1+p  +  2pS 

R 

ro 

Rrg 

R 

rs  ohm 

Go 

65 

0.5 

2.36 

4.65 

11.0 

2.95 

2.0  db 

70 

0.35 

2.33 

5.40 

12.6 

3.2 

2.3  db 

76 

0.11 

2.09 

6.3 

13.2 

3.3 

2.8  db 

80 

0 

1.92 

7.0 

13.4 

3.5 

3.0  db 

85 

-0. 15 

1.63 

7.9 

12.9 

3.7 

3.3  db 

90 

-0.30 

1.33 

6.9 

11.9 

3.9 

3.6  db 

95 

-0.40 

1-11 

9.9 

11.0 

4.3 

3.6  db 

195 


76 


3.11 


9,8  db 


2.8  db 


2.8  -  9.9  -  -  7.1  db 


90 

5.8 

15.3 

i  db 

3.6  db 

3.6  -15.3  •  -11.7 

f 

1 

o)C 

1 

z 

o 

*L 

R  R 

rg  ohm  rs  ohm 

76 

312  n 

315  0 

3.3  n 

150 

13.2  3.3 

90 

264  n 

315  n 

4.0  n 

150 

11.9  3.9 

Q,  is  an  assumed  value  that  characterizes  the  losses  in  the  WSA.  For 
a  wSA  imbedded  In  asphalt,  Qj  Is  approximately  50. 


Table  xiv  contains  the  essential  data  at  the  two  resonance  frequencies 

tor  the  monopole  pair,  without  consideration  of  the  back  cavity  or  trough. 

Considering  the  two  resonance  frequencies  the  following  facts  are  observed 

for  the  theoretical  monopole  pair  model.  The  pattern  is  roughly  a  figure  oo 

shape  at  both  frequencies,  with  the  maximum  broadside  to  the  plane  of  the 

wire  slot.  The  minimum  radiation  along  the  ground,  or  at  low  elevation 

angles,  is  in  the  plane  of  the  wire  slot,  and  the  ratio  E  J E  .  *E(90°) /E(0°)  »K.. 

max  min 

at  series  resonance  ( f  *  78  Me ,  K  »  9. B  db)  the  ratio  Is  smaller  than  St 
parrallel  resonance  (f  -  90  Me,  K  *  15,3  db) .  This  means  that  the  pattern 
pulls  In  more  at  90  Me  than  at  76  Me.  In  both  cases  the  broadside  field 
Intensity  of  the  wire  slot  ia  greater  than  that  of  the  omnidirectional 
monopole.  The  Increase  In  field  inteneity  is  larger  at  90  Me  (3.5db)  than 
at  76  Me  (2.7  db) ,  There  la  not  much  change  in  the  radiation  resistance 
of  the  wire  slot  at  the  two  resonance  f reqviencies. 

5.4  DISCUSSION  OF  MEASURED  FIELD  INTENSITY  (WSA) 

Analysing  the  measured  patterns  and  Input  impedances  of  the  WSA  the 
following  observations  are  made  and  summarised  in  Table  XV. 

The  input  impedance  Smith  Chart  plot  Figure  5-2  shows  clearly  s  series 
resonance  lrequency  at  76.3  Me  and  a  parallel  resonance  frequency  at  about 
92  Me.  The  purely  resistive  impedances  at  thsae  frequencies  are  5  ohms 
and  approximately  2600  ohms  respectively.  The  astmuthal  patterns  are 
different  at  the  two  resonance  frequencies.  At  70  Me  the  pattern  is 
almnnt  circular,  but  nt  90  Me  the  pattern  has  the  expected  figure  o&  shape. 
Measurement*  over  a  flat  ground,  Instead  of  the  cavity,  showed  an  increase 
in  field  Intensity  and  radiation  resistance  at  the  resonance  frequencies. 

Table  XV  aunmarlea  certain  results  of  measurements  u.j*d  for  comparison  with 
the  theory  (since  the  pattern  Is  slightly  aerated,  average  values  for 
E(90°)  in  the  broadside  direction  were  used  for  this  comparison). 


TABLE  XV 

MEASURED  DATA  (AVERAGES) 
WIRE  SLOT  ANTENNA  IN  TROUGH 


Fr»qoi>nci#a 

E(0) 

EUO) 

WS  70  Ml' 

72  tlh 

70  db 

Mono 

70  db 

77  db 

WS  00  Me 

00  db 

01. ft  db 

K|BQ) 

T 

*  "in 

•7  db 

•7  db 

0  db 

5  ohm 

*4.5  db 

•10  db 

>14.5  db 

2000  ohm 

WIRE  SLOT  ANTENNA  ABOVE  FLAT  GROUND 


Fr»quancl«R 

70  Me 
(10  Mi 


E(90)  (FUt) 
eTooT  (TniURh) 


*  0 .  B  db 

♦  9.B  db 


r 


(rut) 


•0.5  db 
►  H  db 


"in 

H  ohm 
2500  ohm 


100 


5.5  EVALUATION  OF  WSA  PERFORMANCE 

Comparing  measured  and  theoretical  data,  as  derived  from  the  monopole 
pair  modal,  without  cavity  effects,  yields  the  following  evaluation  at  the 
two  resonance  frequencies. 

a)  Parallel  Resonance!  f  ■  93.5  Me 

At  the  parallel  resonance  frequency  the  theoreticel  and  measured 
pattern  shapes  of  the  wire  slot  agrae  well,  as  shown  in  the  table  belcw 


Thso  ret  leal  Mtfgwyd 

C  -  •  +  3.0  db  4-4.5  db 

0  *M 

Data  at  fffil  ,  .  U7  db  .  10  db 

f-®0  Mo 

K  «  ■  15.3  db  14.5  db 


The  ratio  E(0O),'I(O)  is  alnoat  Chs  same  in  both  cases.  Also  the  directivity 
Go  and  the  ratio  MO)/!^  agree  within  measurement  accuracy  (♦  1  db). 

From  this  agreement  of  the  patterns  the  conclusion  is  drawn  that  the 
monopole  pair  model  is  a  reasonably  good  representation  of  the  wire  slot 
at  the  parallel  resonance  frequency.  In  particular  this  indicates  that  the 
currents  in  the  two  vertical  legs  of  the  wire  slot  are  in  phase,  that  the 
current  ratio  j  *  1Q/I ^  «  p  «  0.74,  and  that  the  space  phase  angle 
is  determined  by  the  physical  separation  w  of  the  two  radiators.  The 
pattern  is  mainly  generated  by  these  two  currents  and  the  horltontal  wire 
does  not  have  an  appreciable  effect  on  the  verticil  component  of  the  far 
field  patterns. 
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From  the  agreement  between  calculated  and  measured  pattern,  and  directivity 

Gq  It  Is  concluded  that  the  radiation  resistance  at  the  parallel  resonance 

frequency  of  the  WSA  is  as  calculated  in  Table  XIV.  R  ■  11.9  oho.  This 

radiation  resistance  is  referenced  to  the  base  current  (I  )  in  the  grounded 

°  2 

monopole.  The  total  radiated  power  is,  therefore,  Pr  =  Iq  . 

The  input  resistance  and  efficiency  of  the  WSA  at  parallel  resonance 

are  calculated  with  the  aid  of  an  equivalent  circuit.  (Figure  5-lb.) 

The  radiation  resistance  R  is  placed  at  the  end  of  a  transmission  line  of 

rg 

electrical  length  01  =  220°.  In  series  with  it  is  the  loss  resistance 
which  represents  the  sum  total  of  all  losses  in  the  antenna.  At  the  input 
of  the  line,  where  the  feed  cable  is  connected,  the  current  1^  is  flowing. 

No  attenuation  is  assw-.d  on  the  line,  thus 

I.  -  I  cos  0*  =  p  I  =  -  0.766  1 
1  o  a  o 


The  line  at  its  input  terminals  represents  an  Impedance 


J  Z  tan  01  + 


<R, 


£&. 


COS20< 


The  Inductance  of  the  line  is  in  resonance  with  the  input  capacity  ,  which 
is  formed  by  the  lead-through  connector.  The  input  impedance  at  parallel 
resonance  is  ohmic  and  given  as: 


'in 


Z  2  tan20f  2 

C08  ^ 


Zo2  sin20l 
■  (*rg  * 


2600  ohm 


since  Z,  was  measured  as  2600  ohm. 
in 
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Hence 


lai.isefi  jijiji lhwbwwwi ~  m ■anae sjaaitann- T»f arajij,fti 


R  +  R. 
rg  "L 


Zo  8ln2^f  3152  x  0.8432 

2600  “  2600  *  15,8  oh” 


R,  *  15.8  -  R  =  15.8  -  11.9  -  3.9  ohm 
X  rg 


This  is  in  close  agreement  with  the  estimated  loss  resistance  of 
4  ohm,  using  a  line  of  150. 

The  efficiency  is  then 


8 


R 


R-+*l 


rg 


Ihl 

15.8 


0.75  or  75  percent. 


Measurements  of  the  USA  over  a  fist  ground  screen  without  s  cavity,  as 
shown  in  Table  XV,  illustrate  the  Influence  of  the  cavity.  Over  flat 
ground  the  directivity  in  the  broadside  direction  is  increased  by  approxi¬ 
mately  3  db.  However  the  radiation  resistance  is  hardly  changed  and  the 
efficiency  is  somewhat  Increased. 

b)  Series  Resonance, f  *  76  Me 

The  situation  is  different  at  the  series  resonance  frequency  (76  Me). 

He  find  that  the  radiation  pattern  is  pr*~tically  circular,  that  the  field 
intensity  of  the  wire  slot  is  considerably  lower  than  that  of  the  monopole, 
and  that  the  input  Impedance  is  quite  low.  This  different  behavior  as 
compared  with  the  predictions  based  on  the  model  is  attributed  to  the 
Influence  of  the  cavity. 

Comparing  the  measured  and  calculated  patterns  shows  that  the  field 
intensity  ratio  of  the  wire  slot  in  the  endfire  direction  =  0°)  and 
the  monopole  agree  in  both  cases.  However,  the  broadside  field  intensity 
Is  at  the  same  low  level  as  the  endfire  field  intensity.  Indicating  a  circular 
pattern  and  low  efficiency,  since  the  broadside  field  intensity  is  much  lower 
than  that  of  the  monopole.  Table  XVI  shows  the  comparison  between  theore¬ 
tical  pattern  and  measured  pattern. 
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TABLE  XVI 


Theoretical  WSA 


^21  ,  .  7.1  db 


G  =  =+  2.8  db  -7  db 

°  hi 


0dfc 


Measured  WSA 
-7  db 


From  this  discrepancy  of  the  patterns  the  conclusion  Is  drawn  that  the 
currents  and  fields  excited  in  the  cavity  produce  a  far  field  which  Is  also 
figure  oo  shaped  with  opposing  phase  so  that  the  total  radiated  £  eld  has  a 
circular  form.  The  radiation  resistance  is  therefore  equal  to  that  of  a 
short  vertical  omnidirectional  monopole.  The  radiation  resistance  of  one 
of  the  two  vertical  radiators  of  the  wire  slot  is  6.30.  This  radiator 
represents  the  reference  monopole  to  which  the  wire  slot  antenna  is  compared. 

The  field  intensity  produced  by  the  WSA  is  7  db  below  the  reference  monopole. 

This  is  due  to  a  reduction  of  the  effective  height  of  the  WSA  and  is 
apparently  caused  by  the  opposing  currents  in  the  cavity  or  trough  walls. 

The  radiation  resistance  R  of  the  WSA  referred  to  the  current  in  one  of  the 

rg 

two  radiators  is  therefore  reduced  by  7  db  from  the  original  value  of  6.3  ohm: 

g  3 

R  =  =  1.3  ohm.  The  measured  input  impedance  is  =  5  ohm. 

The  equivalent  circuit  representing  the  losses  and  radiated  power  is 

the  same  as  used  before  in  the  case  of  parallel  (Figure  5-Lb)  resonance. 

The  line  length  is  now  one-half  wavelength.  The  line  is  terminated  with 

R  ,  which  is  now  very  much  smaller  than  in  the  case  of  parallel  resonance, 

and  by  the  loss  resistance  R^,  which  has  approximately  the  same  value  as 

before.  Since  the  line  is  A/2  long,  the  line  impedance  at  the  input  terminals 

is  equal  to  the  terminating  impedance:  Z.  =  R  +  R  .  The  capacity  C,  has 

l  rg  t  l 

practically  no  effect  at  this  frequency  since  its  reactance  is  high  compared 

to  Z,  .  Thus  Z,  =  R  +  R_  =  5  ohm  (measured).  Tills  yields  R,  =  5-R  =  5-1,3  =3.7ohm. 
1  in  rg  l  7  X  rg 
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The  efficiency  of  che  WSA  at  the  series  resonance  frequency  is 
R  .  , 

q  •  n . p~~  *  -£*•  *  0.25  or  25  percent  . 

Rrg  +  \  5 

Measurements  of  the  WSA  over  a  flat  ground  screen  at  the  series 
resonance  frequency  as  shown  in  Table  XV  Indicate  the  significant  Influence 
of  the  trough.  Directivity  under  these  conditions  is  increased  by  6.5  db 
so  that  the  broadsiue  field  Intensity  is  approximately  equal  to  that  of 
the  X/4  monopole.  The  radiation  resistance  for  the  WSA  over  a  flat  ground 
plane  is  computed  to  be  approximately  5  ohms  resulting  in  an  antenna 
efficiency  of  60  percent.  This  calculation  assumes  a  reduction  of  the  loss 
resistance  to  3  ohms  due  to  the  elimination  of  the  trough. 

The  radiation  pattern  for  the  WSA  above  a  flat  ground  screen  exhibits 
directivity  and  conforms  to  theoretical  predictions. 

5.6  WIRE  SLOT  EXPERIMENTAL  INVESTIGATION 
5.6.1  Scale  Model 

The  scale  model  of  the  wire  slot  in  a  trough  is  shown  in  the  photo¬ 
graph  of  Figure  li-2.  Appendix  B  contains  additional  details  as  to  the 
design  and  construction  of  the  modal  antenna.  The  frequency  for  which  the 
total  perimeter  of  the  slot  (i.e.,  width  +  2  (height),  or  w  +  2  h)  is  a 
half  wavelength  at  approximately  76  Me. 

The  antenna  consists  of  two  vertical  sections  (or  X/16  in  height; 
which  act  as  vertical  radiating  tnonopoles  connected  by  a  horlsontal  fead 
line.  An  insulator  is  utilized  to  Isolate  the  input  terminal  wherever 
the  second  vertical  radiator  is  grounded  to  the  trough  screening. 

Input  Impedance  and  field  intensity  measurements  ware  made  under  the 
following  conditions  of  debris  loading: 
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(a)  Condition  1,  uniform  debris  cover  over  one-third 
of  the  wire  slot  and  trough.  This  simulates  the 
loading  of  one  of  the  vertical  monopoles. 

(b)  Condition  5,  debris  cover  centered  over  one-half 
the  wire  slot  trough.  This  simulates  the  loading 
of  the  complete  wire  slot  antenna;  i.e. ,  the  2 
vertical  monopoles  and  horleontal  feed  line. 

(c)  Condition  12,  uniform  debris  cover  over  the  entire 
wire  slot  trough. 

The  debris  covers  discussed  above  were  placed  on  e  3/4"  plywood  platform 
which  covered  the  entire  wire  »lot  and  trough.  Oebrla  aa  for  the  other 
model  antennas  had  the  following  characteristics  in  the  tent  frequency  range. 


<7  debris  -»  3  x  10"^  mho/m 
(  debris  -  3.5 


5.6.2  Input  Impedance  Measurements 

Figures  5-3,  5-4,  5-5  are  Smith  chart  input  Impedance  plota  from  75  to 
110  Me.  From  thoea  curves,  the  following  charaetsrlstlcs  are  observable: 

(a)  The  input  impedance  of  the  wire  slot  In  a  trough  versus 
frequency  appears  to  follow  tha  same  pattern  with  and 
without  debris,  howsver  with  debris  loading,  it  tends  to 
spiral  In  a  clockwise  direction  end  shrink  coward  the 
origin  of  the  Smith  Chart. 

(b)  The  antenna  exhibits  two  frequencies  at  which  the  input 
Impedance  Is  resistive;  i.e.,  approximately  76  Me  where 
the  antenna  Is  series  resonant  and  at  82  Me  where  It  is 
antlresonant.  These  frequencies  are  shifted  down  approxi¬ 
mately  3  percent  with  debris  loading. 

(c)  In  air  (without  debris),  the  above  resonant  frequencies 
are  related  to  the  frequency  (f.)  for  which  the  wire 
slot  perimeter  (w  +  2  H)  is  e  hllf-wavelength;  i.e. , 

f  series  resonance  »  1.05  f, 

a 

-  1.35  fd 


f  ant i resonance 


I 


It  should  bp  noted  that  the  andresonant  frequency  la 
determined  by  the  resonance  of  the  Input:  terminal 
capacitance  with  the  wire  pint  loop  Inductance,  thus 
the  above  factor  of  1.25  will  depend  upon  the  wire  slot 
configuration.  Approximate  limits  of  this  factor  are 
1.1  to  1.4. 

(d)  Bandwidth  of  the  Wiry  Slot  Antenna  ■  Without  Debris 

For  input  VSWR  ^  t  BW  -  4  percent  at  75  Me.  BW  '■  1ft 
percent  at  90  Me  wit.ch,  as  will  be  shown  in  the  next 
section  was  approximately  the  center  frequency  of  the 
optinwm  band  of  operation  extending  from  83  to  Bft  Me. 
(i.e.,  where  the  wire  slot  exhibits  '.ttaxlmum  gain 
over  a  A  '4  monopole.) 

(@)  Bandwidth  of  the  Wire  Slot  Antenna  »  With  condition  13 
full  cover  of  debr 1  s , Una e rt  ni*  c on d 1 1 i on ,  bandwidth 
and  optimum  band  of  operation  are  not  significantly 
changed  over  the  no  debris  case.  Thus  for 

Input  VSWB  f  3it 

BW  4  percent  at  70  Me 

BW  -  16  percent  at  90  Me 

Optimum  Band  of  Operation  8ft  to  90  Me 


R-^3  LltJdLJjlLtlHL^ 

(a)  Had  lit  Ion  Pattern 


The  aslmuthal  radiation  pattern  at  a  fixed  elevation 
angle  of  1B°  at  70  and  90  Me  together  with  a  A/4 
monopole  (at  90  Me)  are  ahown  tn  Figure  ft-0.  Patterns 
meaaured  were  as  expected  for  this  sntenna.  Averaging 
the  measured  field  Intensity  in  the  broadside  direction 
(8.  •  90°)  between  the  aalmuth  ang.es  70°  to  13R°,  the 
gain  of  rhi  wire  »lot  antenna  compared  to  the  monopole 
is  as  follows: 


Average  Field 

Intenaliy* 

Frequency 

Mono 

Wire  Slot 

(lain 

78  He 

77  db 

70  db 

-7  db 

90  Me 

77  dh 

81.5  dh 

+4.5  dh 

(*•>  ritld  Infinity  varaua  Frequency  -  With  and  Without  Debrla 

Tha  fl«ld  intenalty  varaua  frequency  at  nation  l. 
located  approximately  00°  (l.a..  broadaide)  to  tha 
plana  of  tha  wire  alot  ti  shown  in  figure  5-7.  It 
la  aaan  that  tha  wire  alot  exhibit*  gain  In  thla 
particular  direction  over  a  A/4  monapole  from  80 
to  115  He. 

Theae  valuta  for  field  tnteneity  are  useful  for 
determining  the  varlationa  with  frequency  and  the 

effeeta  of  debrla  on  tha  wire  alot  auunna. 

» 

Under  condition  1.  the  entire  curve  of  field  intenaliy  varaua  frequency 
la  ahlfted  up  in  frequency  and  ralaed  approximately  8  dh  over  the  no  debrla 
caae.  tinder  conditions  5  and  18  the  field  intenaliy  (a  reduced  in  the  order 
of  8  dt*  at  the  ant ireaonance  frequency  and  degraded  approximately  8  db  at 
the  aeriea  reaonance  point.  Theae  raaulta  are  summer  fed  In  the  table 
be  low i 


Monopole  Field  Intenaliy  alao  avaragad  from  •  of  70°  to  135°. 

V  1  • 

Range  -  53  feet 
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Frequency 

Wire  Slot* 

Field  Intensity 

Debris  Degradation 

Me 

No  Debris 

Full  Cover 

- 

76 

72  db 

70  db 

-  2  db 

90 

86  db 

78  db 

-  8  db 

100 

78  db 

71  db 

-  7  db 

*For  P  = 
in 


1  nw 


Range 


53  ft 


( 

4 


t  r 


SECTION  6 


BURIED  WIRE  ANTENNA 

6.1  INTRODUCTION 

At  the  low  end  of  the  HF  band,  in  the  frequency  range  from  2  Me  to  about 
6  Me,  the  wavelength  is  long,  so  that  large  structures  are  required  to  obtain 
reasonaole  efficiencies.  In  addition  there  is  the  problem  of  high  loss  fac¬ 
tor  (tan  6  »  1)  of  debris  which  may  cover  the  antennas,  causing  considerable 
degradation  of  efficiency.  In  order  to  reduce  costs  antenna  structures  have 
been  developed  which  have  a  small  volume,  and  which  can  be  directly  embedded 
in  the  ground  to  provide  the  necessary  hardness.  A  linear  wire  antenna 
naturally  uses  up  very  little  physical  volume  and  has  been  used  submerged  in 
the  earth. 

The  basic  element  of  this  type  of  antenna  is  an  insulated  wire  which  is 
buried  in  the  ground  parallel  to  the  surface  of  the  earth.  The  length  of 
the  wire  can  vary.  The  burial  depth  of  the  wire  is  determined  by  the  hard¬ 
ening  requirements. 

The  earth  in  which  the  antenna  is  placed  is  a  lossy  medium  which  causes 
considerable  losses  of  the  electromagnetic  energy.  A  bare  wire  imbedded  in 
the  earth  would  have  very  high  losses.  The  attenuation  constant  of  a  current 
flowing  on  the  wire  would  be  as  large  as  that  of  the  surrounding  earth.  An 
insulated  wire  provides  an  efficient  way  of  reducing  the  attenuation  on  the 
wire  and  of  establishing  a  linear  current  distribution  in  a  lossy  medium. 

Two  types  of  current  distribution  can  be  distinguished.  If  such  a  wire  is 
center-fed,  and  is  insulated  at  the  extremities,  it  will  have  a  sinusoidal 
current  distribution,  provided  its  length  is  not  too  large.  This  is  the 
Standing  wave  type  antenna.  The  traveling  wave  type  antenna  uses  a  traveling 
wave  current  distribution,  which  is  obtained  by  terminating  the  wire  in  such 
e  manner  through  a  resistor,  that  no  reflections  take  place  ac  the  ends.  The 
fields  immediately  surrounding  the  antenna  exHrr  the  ■interface  ground-air 
immediately  above  the  antenna  and  produce  a  field  above  and  on  the  surface 
which  then  propagates  in  the  upper  half-space  in  air. 
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The  theory  of  operation  of  the  buried  antenna  deals  with  two  major 
problem  areas.  The  first  category  involves  the  propagation  along  the  antenna 
wire,  the  second  category  involves  the  coupling  of  the  energy  of  the  buried 
antenna  into  the  air-medium  above.  The  following  sections  will  deal  with 
the  theory  and  application  of  buried  wire  antennas,  dividing  the  subject  into 
the  two  categories  of  standing  wave  antennas  and  traveling  wave  antennas. 

6.2  BURIED  HORIZONTAL  WIRE  ANTENNAS  WITH  STANDING  WAVE  CURRENT  DISTRIBUTION 

This  section  deals  with  buried  horizontal  half-wave  dipole  antennas  of 
various  configurations.  The  dipoles  are  open  ended  so  that  a  standing  Wave 
exists  and  the  current  along  the  antenna  has  a  sinusoidal  distribution. 


The  radiation  pattern  and  efficiency  of  single  dipoles  and  dipole  arrays 
buried  a  few  feet  in  the  ground  have  been  investigated.  The  arrays  include 
the  linear  array,  the  Z-type  array  (both  directional),  the  grid  array  and 
the  circular  array  (both  omnidirectional). 


6.2.1  Impedance  Properties  of  the  Burled  Dipole  Antenna 


The  antenna  wire  can  be  treated  like  a  coaxial  cable  when  the  surround¬ 
ing  earth  represents  the  outer  conductor.  The  axial  propagation  characteris¬ 
tic*  can  be  described  by  the  propagation  constant  T  ■  a  +  jtf  along  the  wire, 
and  the  characteristic  impedance  ZQ  of  the  Insulated  wire,  a  is  the  attenu¬ 
ation  constant.  The  phase  constant 


2rr  .2ff,  .  ,  Ao 

r  ■  <r  >  - k  r 

c  o  c  c 


describes  the  wavelength  A  on  the  wire,  and  k  ■  2 /r / A  describes  the  wave- 

c  o 

length  Aq  in  air  for  a  given  frequency  f. 

a  and  0  are  a  function  of  the  wire  diameter  a.  the  insulation  diameter 
b,  the  skin  depth  0  of  the  earth  surrounding  the  wire,  the  dielectric  con¬ 
stant  f  of  the  wire  insulation,  and  the  burial  depth  h.  Typical  values  of 
<>  and  0,  together  with  other  data,  are  tabulated  In  Table  XVII  for  the  fre¬ 
quency  range  2-30  Me,  using  the  following  data: 
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CONDUCTINO  EARTH 


Burial  depth:  h  =  1  m 
Conductor  diameter:  2«  ■  0.05  m 
Insulation  diameter:  2b  -  0.018  m 


Dielectric  constant 
of  insulation: 


2.25 


b.'a  3  3.6 


Earth  conductivity:  d  *  0,01  mho/m 

Earth  dielectric  constant.:  r  »  fl 


V 


Loss  tangent  of  earth:  tgfl  *  p 

-  flOdA  U 


V10 


o 

77 


Skin  depth  in  earth; 


TABLE 

XVII  .  SINGLE 

ELEMENT 

ALONE 

Ln 

mo 

S* 

*>[m! 

iVH  -  \,AC 

,W*i' 

3 

150 

1.55 

3.45 

21.8 

0.066 

2  1 . 5 

4 

75 

2.51 

1 .  38 

11.1 

0.070 

24.2 

10 

10 

1.60 

3.  10 

4.55 

0,0705 

24.0 

20 

15 

1  .12 

1.18 

2.35 

0.071 

2  3.4 

10 

10 

0.92 

3.12 

1.61 

0.070 

22.4 

2  IB 


The  burled  dipole  has  a  length  1  =  X^/2.  The  wire  wavelength  13  deter* 
mined  by  fi/k  •  X  /\  ■  The  table  shows  that  the  ratio  of  air  wavelength 
to  wire  wavelength  is  approximately  3.3  and  does  not  vary  very  much 
with  frequency.  Thus  the  wavelength  on  the  cable  is  approximately  1/3 
of  the  wavelength  in  air.  The  column  a.^/2  gives  the  length  of  the 
half-wave  dipoLe,  which  is  the  basic  antenna  element. 

n/i;  *  a(n  /2m)  indicates  the  attenuation  over  (Xc/2m)  of  wire 
length.  This  quantity  also  does  not  vary  much  with  frequency  and  is 
approximately  0.07.  The  attenuation  on  the  wire  is  low  due  to  the  in¬ 
sulation  of  the  wire  from  the  ground.  If  the  wire  were  directly  im¬ 
bedded  in  the  earth  the  a/j;  ratio  would  be  approximately  1,  just  as  it 
is  in  the  earth. 

The  input  impedance  at  the  feed  point  in  the  center  of  the  wire 
is  purely  resistive,  it  the  wire  length  is  made  approximately 
Rin  la  approximately  23  Z  and  does  not  vary  much  with  frequency,  if  the 
length  Is  made  \c/2  for  each  frequency.  On  the  other  hand. the  input 
impedance  of  the  dipole  behaves  quite  similarly  to  that  of  a  dipole 
in  air  if  the  frequency  is  changed  and  the  length  is  kept  constant. 

Both  resistance  and  reactance  vary  widely,  as  long  as  not  more  than 
one  or  two  wavelengths  are  on  the  wire.  The  fluctuations  of  impedance 
decrease  as  the  frequency  is  increased  and  the  wire  is  2  -  3  wavelengths 
long  and  more.  This  provides  a  possibility  to  make  the  antenna  broad- 
banded  . 

The  data  In  Table  XVII  pertains  to  a  single  dipole  buried  In  the 
ground.  These  data  charge  if  the  dipole  is  used  in  an  array,  due  to 
mutual  coupling  of  elements.  The  mutual  coupling  is  detrimental  to 
the  antenna  efficiency  since  it  increases  the  input  impedance  of  each 
element.  However,  the  mutual  coupling  decreases  rapidly  with  increased 
spacing  bet wee  1  wires  and  becomes  negligible  for  spacing  between  ele¬ 
ments  of  morj  than  3  skin  depths.  On  the  other  hand  mutual  coupling 
becomes  signift  ant  -ns  the  spacing  becomes  less  than  one  skin  depth. 

A  good  approxiin.it  ion  of  the  mutual  coupling  effects  for  a  large  loosely 
coupled  array  is  obtained  by  considering  each  element  as  if  it  were  in 
an  infinite  array  of  uniformly  spaced  elements,  which  are  fed  with 
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TABLE 

XV11I.  SINGLE 

ELEMENT  IN 

ARRAY 

me 

6[m] 

PA  -  \0Ar 

(a/p) oo 

2 

150 

3.55 

3.45 

21.8 

0.10 

35.6 

4 

75 

2.51 

3.30 

11.1 

0,10 

35.6 

10 

30 

1.60 

3.30 

4.55 

0.09 

30.8 

20 

15 

1.12 

3.18 

2,35 

0.005 

27.8 

30 

10 

0,92 

3.12 

1.61 

0.081 

26.0 
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equal  currents,  Table  XVIII  allows  the  data  of  ona  element  In  an  infi¬ 
nite  array.  Only  m  and  R  are  different  from  the  valued  obtained  fot 
a  single  element  alone.  The  change  of  i<  and  therefore  of  (wavelenth 
on  the  wire)  is  small  under  the  stated  conditions. 

6.  2.  2  Radiation  Character!  titles  and  Efficiency  of  Single  Element 

The  coupling  of  the  RF  energy  from  the  burled  antenna  Into  the 

upper  ha l.f -apace  la  accomplished  by  the  near  zone  field  of  the  burled 

dipole.  Tills  field  at  the  interface  produce*  a  field  ,*n  the  loaaleas 

air  half-space  which  la  quite  similar  to  the  field  produced  by  a  horl“ 

zenta l  dipole  at  tho  interface  air-ground,  the  only  difference  being 

an  exponential  term  cs  '•  which  multiplies  the  field  oi  the  burled 

dipolo  and  cause#  an  exponential  decay  with  burial  .  epth  h.  (The 

radiation  field  of  a  horizontal  dipole  over  a  lossy  half-space  accord- 
i  6 

ing  to  K.A.  Norton  Is  a#  follows. 

The  far  zone  fields  of  n  horizontal  dipole  at  the  interface  ns 
well  as  those  of  a  buried  horizontal  dtpole  have  horizontally  and 
vertically  polarized  components.  Using  a  cylindrical  coordinate  sys¬ 
tem  (p,sf,z)  with  the  origin  at  the  interface,  the  ♦  a  axis  vertical 
pointing  upward,  and  the  ^-coordinate  measured  from  the  dipole  axis, 
the  three  components  of  the  far  zone  field  are  as  full  own  I 

E.  „  -  C  cos  t  - n  «  refractive  irdex 

▼  z  «. 


E  C  cos  (f 

i' 


x 

•) 

II*' 


is  negligible 


In  the  direction  of  the  dipole  axis  ( 4  -  0)  both  and  E( 
mum,  ir  the  direction  perpendicular  to  the  dipole  [fi  x  rr/2) 
ponents  arc  zero,  (see  Figure  6-1).  The  azimuthal  pattern  on 
plane  is  given  by  the  cos  d  function,  i.e.,  it  is  figure  00 


are  maxi  - 

both  i-imr 
the  ground 
shaped 
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4- '"0582 

AZIMUTH  PATTERN  (HORIZONTAL)  ELEVATION  PATTERN  (VERTICAL) 


RADIATING  ELEMENT 


NOTE!  E  IS  VERTICALLY  POLARIZED  COMPONENT  OF  FAR  FIELD 

IS  HORIZONTALLY  POLARIZED  COMPONENT  OF  IAR  FIELD 


F  i gurr  6-1.  Rodlotior.  Pott#rn  for  o  Slngl#  ftwrl*d  HorUonlot  OrpoU. 
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with  the  maximum  In  the  direction  of  the  dirole  axis.  Since  the  £ ^ 
component  on  the  ground  is  sma 1 1  the  field  on  the  ground  is  vertically 
polarized  Above  the  ground  the  E^  i  si  no  longer  negligible  and  the 
1  e  Id  therefore  has  a  horizontal  component..  This  becomes  sppa rent  from 
sin  inspection  of  the  elevation  pattern.  In  the  vertical  plane  {#  «*  0) 
i  he  elevation  pattern  i  n  reml -c.l  rcular .  There  Is  no  appreciable  E ^ 
coinpoiiont  in  the  $  *  0  plane ,  and  the  field  l»  therefore  polarized  in 
this  piano;  i ,o.  ,  vert  ically  polarized.  In  the  vertical  plane  perpendi¬ 
cular  to  the  dipole  axla  (*1  »  n/2)  there  in  only  an  1^  -  component  In¬ 
dicating  horizontal  polarization.  E^  in  this  plane  varies  with  sin  t 
ol  the  elevet  ion  angle  and  la  zero  on  the  ground  and  maximum  in  the 
vertical  direction.  The  pattern  has  circular  shape  as  shown  in  Figure  0«>l, 
and  the  field  is  horizontally  polarized  in  this  plans. 


Comparing  the  radiat  ion  pattern  «h  desorilssd  with  that  cat'  a  small 
vertical  1 oop  antenna  one  readily  sees  thjt  both  are  Identical,  The 
earth  currents  flowing  t.rorn  one  side  of  the  dipole  to  the  opposite  aide 
together  with  the  current  on  the  antenna  wire  give  this  effect.  The 
directivity  gain  of  t.  he  horizontal  buried  dipole  is  therefore  1.75  db 
with  respect  to  an  isotropic  radiator  over  perfect,  ground  radiating 
into  a  liemi  sphere ,  and  4.75  db  with  respect  to  an  isotropic  radiator 
In  free  space  which  radiate*  into  the  full  sphere. 


It  is  interesting  to  compare  the  far-zor.e  field  of  a  horizontal 
dipole  at  t  he  interface  ground-air  with  this  far-zonr.  field  of  a  ahort 
V'UMc.mI  dipole  at  the  interface,  The  radiation  pattern.,  is^hown  in 
Figure  6-?.  This  dipole  produces  on  the  ground  a  Vertical  field  component 


v 


c 


and  a  radial  fit* Id  component 


v 


E 


(  E  ) 
v  >  z 


Thu  ratio  ol  the  field  components  is  determined  by  the  refractive 
index  n  between  ground  and  airi 
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4-I-C581 


ELEVATION  PATTERN 


AZIMUTH  PATTERN 


Figure  6-2.  Rodiotion  Pattern  af  a  'jKort  Verticol  Monopole  Ovnr  Perfeit  Ground 


A 

vEz' 


The  field  below  the  Interface  has  also  two  components.  The  radial 
component,  being  parallel  to  the  interface,  is  the  sane  as  above  the 
surface.  The  vertical  component 


and 


vE+z  2 

E  “ 
v  -z 


Comparing  the  radial  component  of  the  vertical  dipole  and 

the  Z'component  of  the  horizontal  dipole  (HF+2)  shows  that 


HE+z  *  vEr  COS  * 


£ 


-  1 


£  cos  ^ 
V  +  z 


HEr  '  HE+z 


_ 1 _ =  vEr  C03  * 

S[n2  -  1  1 


=  VE.Z  cos  1 1 


and 

1  vEr  cos  p 

UE  =  “5  mE._  •=  - - . 

H  ~Z  2H+Z  * 

n  n 

The  result  is  that  the  vertical  field  component  ■^E+2)  of  the  horizontal 
dipole  is  equal  in  strength  to  the  radial  component  of  the  vertical 
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dipole  times  cos  But  this  radial  component  of  the  vertical  dipole 

is  less  than  the  vertical  component  (_  E  _)  of  the  vertical  dipole  by 

I  '5  . *  2  12  1  v  t  5  *  2 

the  factor  yn  -  1/n  since  n  >1.  The  refraction  term  'yn  *  1/n 

'  2 

is  «  result  of  the  boundary  conditions  at  the  interface.  If  n  is  very 
large,  as  is  the  case  for  low  frequencies  and  high  soil  conductivities, 
then  the  field  of  the  horizontal  dipole  is  greatly  reduced  compared  with 
the  field  cf  the  vertical  dipole.  On  the  other  hand,  at  high  frequen- 
cies  n  e  (e  dielectric  constant  of  the  ground)  and  the  refraction 

g  g 

term  is 


^5-1  2 

-  "  5 


for  e  =  5 


Summarizing  the  preceding  considerations  the  following  result  is  ob¬ 
tained! 

For  all  practical  purposes  the  ground  wave  field  from  a  buried 
horizontal  dipole  is  obtained  from  the  ground  wave  field  of  a  verti¬ 
cal  dipole  above  the  interface  by  multiplying  the  field  components 
of  the  vertical  dipole  with  the  pattern  factor  cos  fi  and  the  depth 
factor  (due  to  the  burial  depth) ,  and  applying  the  refraction 

n  -  1/n  to  the  vertical  component. 

The  refractive  index  n  is  the  ratio  of  the  propagation  constants 
of  the  ground  and  air 

2  'l 

n  -T  -  ‘s'  J  ■  f8(1  -Jp) 

‘  O 

p  =  tg*>  is  the  loss  tangent  of  the  soil  in  which  the  antenna  is  im¬ 
bedded  . 


60??. 


£_ 
o  g 
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The  skin  depth  5 ,  Which  determines  the  attenuation  due  to  burial  depth 
h  of  the  dipole,  is  given  by 


\>  Arn  x.  rr 

=  2 n  \J30cKq-  2tt  M  p 


The  refraction  term  IV^I/I  n2  |  and  the  loss  through  burial  (in  db) 
for  a  burial  depth  of  1  m  are  listed  in  Table  XIX  for  the  frequency 
range  2-30  Ft,  using  a  =  0.01  mho/m  and  Eg  =  6.  The  square  of  these 
quantities  are  given  in  db  since  this  determines  the  launch  efficiency 
of  the  antenna.  Adding  the  refraction  loss  ar.d  the  exponential  loss 
through  burial  gives  the  total  loss.  This  is  the  minimum  loss  of  the 
buried  dipole.  T le  actual  loss  will  always  be  somewhat  larger  than 
this  minimum  loss  due  to  small  ground  losses  in  the  immediate  vicinity 
of  the  insulated  antenna  wire.  This  will  be  discussed  in  the  following 
section. 

The  total  minimum  loss  depends  on  the  frequency,  the  soil  con¬ 
stants,  and  the  burial  depth.  At  a  certain  frequency  there  will  be  a 
minimum  loss  as  can  be  seen  from  the  table.  This  is  around  20  Me  for 
1  foot  burial  depth  and  amounts  to  approximately  -13  db,  and  it  occurs 
between  15  and  20Mc  for  a  burial  depth  of  1  m,  amounting  to  approxi¬ 
mately  -18  db.  These  numbers  represent  the  absolute  minimum  loss  which 
one  buried  dipole  can  have  under  the  given  conditions  (soil  c  =  0.01 
mho/m,  =  6) .  Clearly  this  is  a  very  low  efficiency.  But  one  has 
to  consider  that  this  antenna  is  extremely  simple  since  it  is  only 
one  insulated  wire  of  comparatively  short  length.  Also  the  efficiency 
can  be  increased  by  arraying  a  number  of  these  dipoles  as  well  be 
discussed  in  the  following  section. 


6.2,3  Buried  Dipole  Efficiency 

The  launch  efficiency  of  the  horizontal  buried  dipole  an.enna  is 
conveniently  defined  by  comparing  the  ground  wave  field  of  this  antenna 
with  that  of  an  ideal  short  vertical  monopole  above  the  interface. 

The  vertical  monopole  is  chosen  as  comparison  antenna  because  its 
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TABLE  XZX 

REFRACTIVE  BURIAL  LOSSES 


n2 

20  lnj  1 

Burial 
h»  1  ft 

Loss 

Refractive 
and  Burial  u>sp 
h-1  ft  h»l  m 

1  n‘| 

1  m 

2 

6(1  ~  J 15) 

-19. 5-db 

-0. 75db 

-2.4db 

-20.3db  -21.9db 

4 

6(1  -  J7.5) 

*16.6 

-1.1 

-3.5 

-17.7  -20.1 

10 

6(1  -  J  3) 

*12.9 

-1.7 

-5.4 

'l*-6  -18.3 

20 

6(1  -  j 2) 

-10.5 

-2.4 

-7,7 

-12.9  -18.2 

30 

6(1  -  Jl) 

-1-.4 

-2.9 

-9,4 

-13.3  -19.8 
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radiation  characteristics  are  similar  to  the  horizontal  burled  mono- 
pole,  and  also  the  polarization  is  vertical  on  the  ground  for  both 
antennas,  The  vertical  fields  of  the  buried  antenna  and  the  vertical 
monopole  above  the  earth  are  compared  when  t  ne  antennas  are  fed  with 
the  same  power.  This  defines  the  launching  efficiency  of  the  buried 
antenna  as 


The  ideal  vertical  monopole  of  short  length  ’  ,  with  triangular 
current  distribution,  has  an  input  resistance  equal  to  its  radiation 
resistance  of  40m  (A)  .  The  ground  wave  field  of  such  a  monupola  is 

Ezv  •  D  »  3rr  yT  •  F 

where  P  is  the  input  power  in  wetts  and  F  the  .ground  wave  attenuation 
factor.  Using  this  the  launch  efficiency  of  the  buried  horizontal 
dipole  is 


-  1 


If (sO  I 
Rir. 


■  2h/' 


;/2 

^  k.  cos  /S  ,,  ,  ikx  cos  0 

ftp)  »  - = — e  Ilxle  dx 

°  -V2 


f  (#$)  is  the  pattern  -  length  factor 
h  is  the  burial  depth 

I  is  t  he  antenna  base  cut  rent 

o 

■  is  the  length  of  the  buried  dipole 
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R^n  is  the  input  resistance  of  the  buried  dipole 
I(x)  is  the  current  distribution  of  the  dipcle  antenna 


is  the  refraction  term, 
sect  ion 


as  discussed  in  the  previous 


The  refraction  term  and  the  exponential  term  are  the  main  contributors 
to  the  efficiency.  In  addition  one  has  the  jf(f)}|  term  which 

depends  on  the  antenna  length.  for  a  single  element  alone  is  dif¬ 

ferent  from  R.  of  one  element  in  an  array.  In  the  latter  case  R,_ 
in  in 

is  larger,  due  to  mutual  coupling  between  elements.  However,  the 
increase  is  small  if  the  elements  are  more  than  1-1/2  skin  depth  spaced. 
In  Table  XX  and  Table  XXI  the  efficiencies  for  a  single  element  alone, 
and  a  single  element  in  an  array  respectively  are  listed.  The  effici¬ 
ency  of  an  n-element  array  is  obtained  by  multiplying  the  element-in- 
array  efficiency  with  the  number  of  elements* 


^array  =  ^1  array  x  n 

In  the  tables,  also,  is  listed.  r)1Q  is  the  efficiency  of  the  ele 
ment  due  to  all  effects  except  the  exponential  term  e  '  7116  over 
all  efficiency  is 


r*l  “  *>10 


x  e 


-2h/* 


and  for  the  array 


^1  array  ^10  array  X  e 

The  efficiency  of  the  buried  dipole  is  the  gair.  (in  this  case  the 
gain  is  negative  and  therefore  represent  a  loss)  compared  to  or.  ideal 
monopole  or  small  vertical  loop  over  perfect  ground.  Since  the  latter 
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TABLE  XX  - 

EFFICIENCY  OF 

SINGLE  ELHXENT 

ALONE 

^mc 

40 

Burial 
Loss 
h  =  1  m 

Overall 
Eff . 

4 

2 

0.145 

-22.3  db 

-2.4  db 

-24.7  db 

4 

0.146 

-19.2 

-3.5 

-22.7 

10 

0.152 

-15.4 

-5.4 

-20.8 

20 

0.157 

-12.7 

-7.7 

-20.4 

30 

0.160 

-12.2 

-9.4 

-21.6 
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table  XXI. 

EPTICIENCY  OF 

SINGLE  ELEMENT  IN 

ARRAY 

Burial 

Overall 

•  * 

Loaa 

J£f. 

^mc 

''Ao 

"'10  array 

h  ■  1  m 

‘1  array 

2 

0.145 

-24.1  db 

-2.4  db 

-26.5  db 

4 

0.148 

-20.9 

-3.5 

-24.4 

10 

0.152 

-16.4 

-5.4 

-21.8 

20 

0.157 

-13.3 

-7.7 

-21.0 

30 

0.160 

-12.9 

-9.4 

-22.3 
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has  a  gain  of  3  +  1.75  =  4,75  db  over  an  isotropic  radiator  in  free 
space  (radiating  into  the  full  sphere)  the  gain  (or  loss')  with  respect 
to  this  isotropic  radiator  is 


-db 


‘db 


+ 


4.75  db 


6.2,4  Burled  Dipole  Array 

In  order  to  improve  the  efficiency,  and  also  to  change  the  radia¬ 
tion  pattern,  an  array  of  dipolas  can  be  used.  The  simplest  arrange¬ 
ment  to  improve  the  efficiency  is  an  array  of  closely  spaced  Identical 
parallel  dipole  elements.  In  the  lossy  ground  the  mutual  coupling 
between  parallel  array  elements  is  negligible  if  the  distance  between 
their,  is  larger  than  2-3  sHin  depths.  As  long  as  the  rrray  width  is  not 
greater  than  about  1/4  air  wavelength,  the  radiated  pattern  in  air  is 
essentially  that  of  a  single  element.  For  n  Identical  elements  with 
negligible  coupling,  therefore,  the  gain  due  to  arraying  is  directly 
p-oport.onal  to  n.  The  essential  thing  is  that,  in  the  case  of  negli¬ 
gible  coupling,  the  input  resistance  of  each  element  in  the  array  is 

the  same  as  it  is  for  the  element  alone.  Therefore,  if  n  elements  are 

fed  in  parallel  the  input  power  to  each  element  -will  be  l/n-PT  (PT  = 

total  Input  power  to  n  elements) .  The  current  in  one  element  1^  is 
then  1^  «  ^P/nRin.  The  total  radiated  field  is  proportional  to 
nl,  =  >yPr,/Rin  and  the  radiated  power  is  proportional  to  aJ  Pn/Rin  or 
n  times  larger  than  the  radiated  power  of  one  element  for  the  same 
input  power. 

As  the  array  width  increases  when  many  elements  are  used,  the 
radiation  pattern  will  change  and  the  realized  pattern  gain  will  be 
somewhat  less  than  n. 

As  an  example  consider  an  array  of  27  elements  arranged  in  3  rows 
of  9  elements  each,  as  shown  in  Figure  6-3.  For  a  frequency  of  10  Me, 
an  element  spacing  of  25  =  3  m,  and  a  burial  depth  of  1  m,  the  elemei, 
length  would  be  4.55  m,  and  tne  total  area  20  x  24  m.  The  array  would 


have  a  gain  of  approximately  -21.8  ♦  10  log  27  •  -21.8  +  14.3  ■  7.5  db 
compared  to  a  vertical  monopole,  or  -7.5  +  4.75  *w2.6  db  with  respect  to 
an  isotropic  radiator.  The  efficiency  can  be  increased  by  decreasing 
the  burial  depth.  Decreasing  the  burial  depth  to  1/2  r.i  would  decrease 
the  burial  less  by  about  2.7  db ,  so  that  the  gain  with  respec-  to  the 
isotropic  radiator  would  be  approximately  0  db. 

The  radiation  pattern  of  this  array  is  that  of  a  single  buried  element; 
i.e..  it  is  figure  w  shaped  on  the  ground. 

To  reduce  the  number  of  feed  cables,  the  array  shown  in  Figure  6-4  can 
be  used.  Three  elements  are  connected  in  series  and  arranged  in  Z  shape. 
Only  the  middle  element  of  each  Z  is  connected  to  a  feed  cable.  Thus  the 
number  of  feed  cables  is  recced  to  1/3. 

A  unidirectional  pattern  can  be  obtained  by  placing  a  second  array 
at  a  distance  of  1/4  air  wavelength  behind  the  first  array  and  feeding 
it  with  a  current  which  is  90°  shifted  in  phase  with  respect  to  the 
first  array.  This  gives  a  slight  increase  in  directive  gain  since  the 
back  radiation  is  eliminated. 

Generally  speaking  all  the  arraying  techniques  of  linear  antennas 
in  air  can  be  applied.  Instead  of  combining  single  elements  into  an 
array,  it  is  preferable  to  combine  groups  or  elements  into  arrays.  It 
Is  necessary  to  space  the  groups  at  distances  of  \q/4  to  ko/2  of  the 
air  wavelength  to  obtain  radiation  pattern  changes.  This  is  so  because 
each  antenna  element  excites  tne  ground  vertically  above  it,  so  the 
phase  differences  between  these  secondary  ground  sources  is  equal  to  the 
phase  differences  in  the  eleme,  t  currents.  The  pattern  in  space  is 
now  generated  by  the  superposition  of  the  ground  sources  according  to  . 
their  space  phase  shifts  which  are  proportional  to  d/\0-  The  air 
wavelength  is,  however,  much  larger  than  the  wavelength  on  the  antenna 
wire.  Therefore, 


*  o 

T 


where 


Kc 

ST 


l 
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6-2.5  Qtenidirg c f.lonal  Patterns 


To  obtain  an  omnidirectional  nattern  one  can  use  t.vo  elements,  or  two 
groups  of  elements,  positioned  at  right  angles  and  fed  with  quadrature  cur¬ 
rents.  This  is  shown  in  Figure  6-5b  using  two  folded  dipoles.  The  feed 
arrangement  producing  the  90°  phase  shift  with  a  quarter  wave  line  is  in¬ 
dicated  in  Figure  6-bc.  For  equal  currents  in  both  parts  the  azimuthal 
pattern  is  wir«.  «l«r  and  the  elevation  pattern  is  semicircular.  This  is  then 
an  isotropic  radiator  radiating  equally  strong  in  all  directions  of  the 
upper  hemisphere.  If  a  total  of  2n  elements  are  used,  n  elements  ir, 
each  group,  then  each  group  has  1/2  of  the  total  input  power  and  its 
gain  is  n/2.  The  total  gain  of  the  antenna  with  2n  elements  is  there¬ 
fore  n;  i.e.,  equal  to  the  element  number  of  one  group.  This  means  a 
loss  of  3  db  in  gain. 

Another,  more  efficient  arrangement  is  a  circular  array  with  dipole 
elements  arranged  in  a  radial  position  on  a  circle  of  about  1/2  air 
wavelength  diameter  or  larger,  as  shown  m  Figure  6-6  The  elements  are 
fed  so  that  the  currents  in  all  elements  at  a  certain  moment  flows  in 
the  direction  awny  from  the  center  of  the  circle.  Then  the  currents  in 
opposite  elements  (such  as  A  and  B)  flow  in  opposite  directions  and 
therefore  have  a  space  phase  shift  cf  180°.  If  the  diameter  of  t'.e 
circle  is  one  half  air  wavelength  then  the  fields  of  the  twe  elements 
add  on  the  ground  surface,  but  cancel  in  the  vertical  direction  to  the 
plane.  This  type  of  array  is  a  circular  array  with  all  element  cur¬ 
rents  in  phase.  The  radiation  pattern  is  given  by 

E  ~  ( kr  cos  e ) 

where  e  is  the  elevation  angle,  k  =  2r /k ,  and  J,  is  the  Bessel  function 

▲ 

of  the  first  order.  The  pattern  is  omnidirectional  in  azimuth.  The 
polarization  is  vertical.  The  vertical  radiation  pattern  is  deter¬ 
mines-  by  ,  and  varies  as  the  radius  r  of  the  circle  is  changed.  If 

kr  -  2-rA  =  1.84;  2r  =  1.84  X  /m  =  0.585  \  ,  according  to  the  first 

o  o  o 

maximum  cf  J^,  then  maximum  radiation  is  along  the  ground  plane  (for 
e  =  0°)  .  The  pattern  is  shown  in  Figure  6-7.  If  kr  =  2~rr/%o  -=  3.83; 

2r  =  3.83  hQ/w  =  1.22  \  ,  according  to  the  first  root  of  Jj ,  then  their 
is  no  radiation  alor.g  the  ground  and  the  maximum  radiation  occur-’  at 
an  elevation  angle  of  61^,  as  shown  in  Figure  6-7  (right  side). 
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o.  FOLDED  DIPOLE  -  DIRECTIONAL 


^  CROSS  FOLDED  D'POLE  PAIR  -  OMNIDIRECTIONAL 


e.  FIED  FOR  CROSSED  PAIR 


Figure  6-5,  Feed  Ajrongemeni*  for  Omnidirectionol  Pollern. 
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Figtir*  6-7.  Radiation  Pattern  for  Circular  Array. 
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A  maximum  at  30°  elevation  can  be  obtained  by  choosing  2nr/K0  =  2.13, 

2r  =  2.13  \  A  «  0.675  >.  . 

o  o 

An  advantage  of  this  ciicular  array  is  that  the  radiation  in  the 
v-ir*  ical  direction  is  always  suppressed.  This  elimination  of  the  vert¬ 
ical  radiation,  which  is  lost  energy,  results  in  an  increase  of  direc¬ 
tive  gain  in  the  vertical  plane  in  the  order  of  2  db  compared  with 
an  isotropic  radiator. 

The  field  strength  in  the  direction  of  maximum  radiation  is  0.582 
x  n  x  Eq  where  Eo  is  the  field  produced  by  a  single  element  with  the 
same  current.  The  total  radiated  power  is  0.582  n  •  PQ,  where  PQ  is 
the  power  radiated  by  one  ..  ■  ent.  Put  this  total  power  is  radiated 
into  a  smaller  space  ar:  ’e  v.  iich  yields  a  gain  of  2  db  as  mentioned 
above.  The  total  power  *ain  is  therefore 

g^  =  10  log  (0.582  x  n)  +  2  db 

=  10  log  n  -  2.4+  1.9  ~  10  log  n  -  0.5  db 

The  reason  that  the  total  radiated  power  is  0.582  x  n  PQ  instead 

of  n  x  PQ  is  that  not  all  elements  contribute  equally  to  the  tied  in 

a  particular  direction.  The  elements  which  are  perpendicular  to  that 

direction  do  not  contribute  at  all  in  this  direction.  As  an  example 

design  data  for  a  circular  array  for  a  frequency  of  10  Me  are  given. 

The  same  number  of  elements  (n  =  27)  is  chosen  as  was  used  for  the 

grid  array  before,  so  that  the  designs  can  easily  be  compared.  For 

a  frequency  of  10  Me  the  element  length  is  4.55  m.  The  diameter  of 

the  circle  is  chosen  as  2r  =  2.13\  /W  =  2.13  x  30/it  =  20.5  m  for  a 

o 

frequency  of  10  Me  (wavelength  30  nr.)  .  In  order  to  provide  sufficient 
spacing  for  the  27  element  a  Z-type  arrangement  of  the  elements  is 
chosen  as  shown  in  Figure  6-4.  Three  elements  are  connected  in  series, 
and  the  middle  element  is  fed  by  a  feed  cable.  Thus  9  Z-groups  are 
obtained  which  are  placed  on  the  periphery  of  a  circle  of  20.5  m  diameter, 
allowing  a  spacing  of  2nr/9  =  20.5  x  n/9  =*  7.15  m  between  groups.  The 
gain  is  calculated  as 
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* 


g  -  -21.8  +  10  log  27  -  0.5 


-7.5  -  0.5 


-8  db 


compared  to  a  vertical  monopole  or  -3.25  db  with  respect  to  an  isotropic 
radiator . 

The  maximum  number  of  elements  that  can  be  used  on  the  circle  is 
determined  by  the  minirmm  allowable  spacing  between  elements,  this  being 
about  1.55  (5  *  skin  depth) . 

Thus  n  -  2irr/1.5  5  —  2D/i  .  With  E  =  0.67  5  X  we  have 

o 

n  .  IT^T  X  0.675  Xo  =  =  4.85  ^ 

for  c  *  0.01  mho/m  since  5  =  X Q/2rr  1/30  oX  . 

At  high  frequencies  n  is  not  very  large.  If  f  =  30  Me,  X  =  10m, 

&  =  0.92  m  and  n  =  15.  More  elements  can  be  used  by  Increasing  the 

diameter  of  the  array  or  by  placing  the  elements  on  two  circles.  In 

this  manner  one  can  also  change  the  shape  of  the  vertical  radiation 

pattern.  The  radius  of  the  second  circle  can  be  chosen  according  to 

the  second  maximum  of  J,  which  occurs  at  kr  =  5.33?  2r  *  5. 33  X  /v =  1 . 71.  . 

1  o  o 

If  the  elements  on  the  second  ring  are  phased  in  opposition  to  those  of 
the  first  ring,  a  radiation  pattern  is  obtained  which  suppresses  radia¬ 
tion  elevation  angles  above  60°.  The  pattern  of  this  type  is  showr 
in  Figure  6-7  (left  side). 

In  conclusion,  the  circular  array  is  an  efficient  means  to  obtain 
omnidirectional  radiation.  It  is  more  efficient  than  a  grid  type  array 
with  the  same  number  of  elements  with  the  two  sections  fed  in  a  irature. 
It  also  has  the  advantage  of  suppressing  vertical  radiation.  The  vert¬ 
ical  radiation  pattern  can  be  shaped  to  meet  specific  requirements,  as 
for  instance  the  enhancement  of  low  angle  radiation  or  on  the  other 
hand,  suppression  of  ground  radiation. 

6.  2*  6  Feed  Arrangements  of  Burled  Dipole  Arrays 

In  arrays  a  large  number  of  dipoles  have  to  be  fed  with  currents 
of  equal  phase.  One  can  feed  these  dipoles  all  in  parallel,  or  onp 
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can  arrange  a  number  of  dipoles  in  series  and  feed  the  regaining  groups  in 
paral lei . 

In  the  first  case  each  dipole  is  center-fed  with  a  symmetrical  cable  of 
equal  length  to  the  transmitter.  (Vie  can  also  use  a  coax  cade  as  feed  cable 
and  feed  unsymmetr ically .  Since  the  input  resistance  of  the  half-wave  dipole 
is  about  20-40  ohms  one  has  a  mismatch  condition  if  conventional  feed  cables 
of  50  to  100  ohms  are  used.  The  mismatch  can  be  reduced  by  using  a  number  of 
dipoles  in  series  thereby  increasing  the  input  resistance.  A  folded  arrange¬ 
ment  of  3  dipoles  has  been  suggested  for  this  purpose,  as  shown  in  Figure  6-5a. 
The  total  wire  length  in  this  configuration  is  about  3  Ac/2.  By  folding  the 
wire  in  this  manner  the  currents  in  the  three  legs  of  the  antenna  are  in 
phase  and  therefore  act  like  three  separate  dipoles.  The  input  resistance  is 
about  three  times  higher  than  the  input  resistance  of  a  single  dipole,  bring¬ 
ing  it  up  to  about  60  to  120  ohms,  if  the  spacing  is  sufficiently  large 

Using  a  twinax  cable  with  2  x  50  =  100  ohms  impedance  accomplishes  a 
good  match  between  antenna  and  cable  and  eliminates  the  necessity  for  a 
matching  network.'  In  addition,  the  number  of  feed  cables  is  reduced  to  1/3. 

The  use  of  this  folded  Z-type  dipole  as  antenna  element  instead  of  the  single 
*c/2  dipole  is  therefore  preferable. 

6.2.7  Summary,  Buried  Dipole  Antennas 

The  buried  horizontal  insulated  wire  antenna  of  the  standing  wave  type 
is  a  structure  of  simple  design  which  can  be  made  very  hard  by  burying  it  in 
the  ground  at  a  depth  of  several  feet.  The  basic  antenna  element  consists  of 
an  insulated  wire  fed  by  a  twin-coaxial  cable  or  a  coaxial  cable  without  any 
matching  circuit  between  antenna  wire  and  feed  cable.  Thus  the  basic  structure 
is  simple.  The  main  cause  of  failure  through  weapons  effects  appears  to  be 
rupture  of  the  cable  or  antenna  wire  when  severe  earth  movements  occur. 

The  launch  efficiency  or  gain  of  the  burled  dipole  antenna  is,  however, 
very  low,  not  exceeding  -15  to  -20  db  for  one  element  in  the  frequency  range 
of  8-30  Me  and  even  lower  in  the  2-4  Me  range. 


The  reason  for  this  is.  that  the  antenna  wire  is  burled  in  lossy  ground. 
The  gain  of  the  antenna  can  be  increased  by  arrayin  a  number  of  ele-  • 
rr.er.ts,  since  the  array  gain  is  proportional  to  the  number  of  elements 
in  the  array.  The  number  of  elements  required  to  obtain  reasonable 
gains  la  substantial  and  may  range  from  10  to  SO  (in  round  numbers) , 
and  areas  ranging  from  (*.^4)  to  (Xo/2)  are  required,  depending  on  the 
desired  gain. 

There  are  trade-off  possibilities  between  hardness  and  gain.  As 
the  burial  depth  Is  decreased,  hardness  is  reduced,  but  the  gain  in¬ 
creases.  In  the  extreme  cases  the  antenna  wires  would  be  either  deep 
underground,  or  at  the  surface  of  the  ground.  In  the  latter  case  the 
gain  could  be  2  to  10  db  higher,  depending  on  frequency  and  soil  con¬ 
ditions. 

Arrays  can  be  fornied  in  many  ways.  Similar  techniques  as  are  em¬ 
ployed  in  air  can  be  used  to  combine  the  buried  dipoles.  Elements 
can  be  arrayed  parallel  to  each  other  and  thus  yield  increased  gain 
in  the  direction  of  the  dipole  axes.  Groups  of  parallel  elements  can 
be  spaced  by  XQ/ 4  and  fed  in  quadrature,  thus  yielding  a  cardicidal 
radiation  pattern,  with  directivity  in  one  direction.  Groins  of  paral¬ 
lel  elements  can  be  positioned  at  right  angles  and  fed  an  quadrature, 
thus  yielding  ar.  omnidirectional  array.  Single  elements  car.  be  arranged 
on  a  circle  to  give  either  an  omnidirectional  pattern  or  directional 
pattern  depending  on  the  phasing  of  the  antenna  currents.  These  are 
only  a  few  examples  of  arrays,  and  other  combinations  exist  and  give 
the  possibility  of  shaping  the  radiation  pattern. 
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6.3  BURIED  TRAVELING  -  WAVE  ANTENNA 


This  section  deals  with  the  fields  of  buried  hor i2ontal-wire  antennas 
of  various  configurations  using  a  traveling-wave  current  distribution. 
Attention  is  given  to  space-wave  as  well  as  ground-wave  radiation,  since  in 
the  KF  range  the  ground  waves  are  heavily  attenuated  and  one  is  particularly 
interested  in  radiation  directed  to  the  ionosphere  at  higher  elevation  angles 

The  radiation  pattern  and  efliciency  of  four  basic  types  of  traveling- 
wave  antennas  buried  a  few  feet  in  the  ground  have  been  investigated.  They 
are  the  single  horizontal  wire,  and  the  zig-zag  antenna  (both  directional); 
the  square,  and  the  circle  antenna  (both  omnidirectional  in  the  ground  plane) 
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6-3-1  Characteristic*  of  Basic  Current  Element 


Hasserjian  and  Guy^Tiave  shown  that  in  the  far  field  abcve  the  ground, 

the  field  la  Identical  for  dipoles  below  the  ground  and  at  the  interface 

between  the  conducting  ground  and  the  loaaleaa  lialf -space  above  it,  except 

-h/fi 

for  the  exponential  term  e  an  1 tip lying  the  field  of  the  burled  dipole 
(h  is  the  depth  and  6  is  the  skin  depth).  (Figure  6-8.)  Thus  Horton's  results 
for  the  dipole  at  the  interface  can  be  applied.  The  far  field  pattern  of  the 
horizontal  dipole  et  the  Interface  ie  similar  to  that  of  a  vertical  loop 
at  the  interface,  with  the  horicontal  dipole  lying  in  the  plane  of  the  loop. 
The  far  field  has  two  components,  E^( horizontal)  and  Ef (vertical) .  These 
are  given  as 

E^  -  sin  c  sin  ♦  I  (t)  (1) 

Ee  -  cos  ♦  1  (f) 

This  is  the  familiar  pattern  of  a  magnetic  dipole  or  small  loop.  The  azxmuthal 
pattern  on  the  ground  plane  la  given  as  the  coa  ♦  function;  l.e. ,  it  is 
figure-eight  shaped  with  the  maximum  in  the  direction  of  the  dipole  axis. 

The  polarization  on  the  ground  la  vertical,  there  Is  only  an  Ef  component, 

E^  being  zero.  Above  the  ground  E^  is  no  longer  negligible  and  the  field 
therefore  h*e  a  horizontal  and  a  vertical  component.  The  maximum  of  the 
horizontal  component  la  in  the  direction  perpendicular  to  the  dipole  axis. 

The  field  intensity  in  the  far  field  zona  of  the  horizontal  dipole 
located  at  the  Interface  can  be  obtained  from  the  field  of  an  ideal  vertical 
monopole  above  the  interface  by  mltiplying  the  field  components  of  the 
vertical  monopole  by  the  pattern  factor  C  and  applying  the  refraction 

J~~2 - 2  ♦ 

terrain  -1/n  to  the  vertical  component.  The  effect  of  the  burial  depth 
is  taken  into  account  by  the  depth  factor 
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BURIED  DIPOLE  AND 
LOOP  ORIENTATION 


Rgur*  6-8.  Orientation  of  bmic  Current  Element. 


The  refractive  index  n  is  the  ratio  of  the  propagation  constants  oi 
ground  and  air: 


n2  -  *- =•  *  f  -  jo/we  '  «  (1  -  Jtgtfft) 
yo  8  8 


with 


tgfi 


I  wc  c 
o  g 


and  the  skin  depth 
X 


6  , 

2» 


30oX 


6QQXo 

€ 

g 


(2) 


<7  =  conductivity  of  ground  f mho/m] 

€  *  rel.,  dielectric  constant  of  ground 

o 


For  low  frequencies  and  high  conductivities  (o/u> <Q)»  fg  the  refraction 
tens  reduces  to 


This  is  the  form  used  by  Haaserjian  and  Guy  in  their  analysis  of  LF  Subsurface 
Antennas.  Thus  the  far  field  intensities  for  the  buried  horizontal  dipole 
current  element,  assuming  perfect  reflection  on  the  ground  in  the  far  field 
zone,  are  as  follows 


D  dEf  =  60 


(k  cos  0)  1  ( f ) d£  e  e 


(3) 


DeJU)c  dE£  -  80  Cf  I  (f)df  e+Jkd  K 


(k  sin  «  sin  0)  I  (f)d!  e'JkD  e‘h/d 
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DeikDo  dE0  =  60  I  (*}df  e^k<1  K 
The  equations  for  the  tvo  field  components  can  be  combined  in  one: 

0eJkDo  dE  =  60  C  I  ( f )df  e+Jkd  K  (4) 

where 

2ir 

k  =  —  ,  Xq  =  wavelength  in  free  space 

o 

D  =  D-  d,d*f  cos  e  cos  P  -  t  cos  > 
o 

D  =  distance  from  current  element  to  observation  point, 

Dq  »  distance  from  a  reference  point  to  observation  point,  and 

C  is  the  pattern  function  of  the  infinitesimal  buried  current  element 
It  is  either  Cf  =  k  cos  p  or  =  k  sin  c  sin  p  depending  on  the  field 
component  one  wishes  to  consider.  The  factor  K  comprises  the  refraction 
term  and  the  exponential  depth  term.  It  is  the  same  for  any  horizontal 
element  at  the  same  depth.  Since  the  fields  of  the  antennas  investigated 
will  be  compared  with  the  field  from  a  single  horizontal  element  at  the 
same  depth,  we  shall  disregard  K  in  the  following  calculations. 


1 1  o 


6.3.2  Half-Wave  Dipole,  Center  Fed,  with  Standing  Wave  Current  Distribution 


The  fields  of  the  various  antenna  configurations  will  be  compared  with 
the  field  of  a  buried  half-wsve  dipole  as  shown  in  Figure  6-9. The  current 
distribution  on  the  open-ended  dipole  is  assumed  sinusoidal.  The  attenuation 
constant  a  for  an  insulated,  buried  dipole  is  generally  very  small  so  that 
the  error  made  by  setting  a  *  0  is  very  small.  Thus 

1  (x)  -  I  cos  fix  with  fi  »  ^ 

°  c 

X  ■  wavalength  on  the  insulated  antenna  wire.  The  dipole  is  fed  in 
c 

the  center,  which  is  also  the  reference  point,  0. 

Using  Equation  (4),  we  get  (with  d  *  x  cos  e  cos  ♦  ■  *  cos  y) 

B«JkI>o  dE  .  60  C  I  (x)dx 

.  00  C  I  co.  6.  dx  .JkX  co‘  y 
0 

disregarding  the  factor  K  as  msntloned  above.  The  field  on  the  ground 

(<  *  o),  which  we  shall  use  for  comparison  purposes,  hie  only  sn  e  component. 

Thus,  with  C(  •  k  cos  $ 

De^kDodE?(o)  m  60  (k  cos  $)  Ie  cos  fi  x  dx  c0<  ^  ^ 

and 


De-1kDo  E((o)«  80  Iq  fd(0,o) 
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(a)  SINGLE  DlPOlE 
CENTER  FEED 


(b)  FOLDED  DIPOLE 
CENTER  FEED 


(0  CROSSED  FOLDFD  DIPOLE 
DOUBLE  FEED 
IN  QUADRATURE 


Flgur*  6-9 


Slngl*  and  Faldad  Dip©!# 


with 


cos  0  x  dx  e 


Jk  X  COB  0 


2p 

*  “2 
1-P 


cos  0  cos 


( fp) 


where 

P 


k 

F 


*c  wavelength  on  antenna 
Aq  “  wavelength  in  free  space 


(7) 


fd($,o)  as  given  by  (7)  la  the  pattern  function  of  the  half-wave  buried 
dipole.  The  factor  K  has  been  omitted  since  it  occurs  in  all  of  the  field 
patterns  of  horizontal  burled  wire  antennas.  In  the  following  we  shall 
determine  the  relative  efficiency  i»  of  the  horizontal  buried  traveling  wave 
antennas  with  reference  to  the  half-wave,  standing-wave  dipole.  For  this 
purpose  the  ground-wave  field  intensities  in  the  direction  of  maximum 
radiation  will  be  compared.  Tne  efficiency  ratio  of  the  traveling  wave 
antenna  and  the  horizontal  half-wave  dipole  is  defined  as 

l“elJ  <«<«  iot  2|fT(».0)lz 

*1  *  9  *  2  2  (®) 

|DEd  <60K  J0d  fd(*'o) I 


where 

f,p($,o)  is  the  pattern  function  of  the  traveling  wave  antenna  m  tne 
1  ground  plane. 

fj(d,o)  is  the  pattern  function  of  the  half  standing  wave  dipole,  as 
given  by  ( 7 ) 


IQt  is  the  reference  current  of  the  traveling  wave  antenna 

lQd  is  the  reference  current  of  the  half-wave  dipole. 
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These  currents  must  be  determined  for  equal  power  input  in  each  of  the 
antennas:  Thus 


2  2 

|  Vrl  Zo  =  I1**)  Rin  =  lnput  P01'" 


(9) 


(10) 


where  R^n  is  the  input  resistance  of  the  half-wave  dipole,  and  Zq  is  the 

characteristic  impedance  of  the  traveling  wave  antenna.  These  quantities 

17 

have  been  calculated  by  Hasserjian  and  Guy  (p.  234,  eq. (12) -(15) . 

For  small  a. 


Rln  =  gp  15*r  |  =  gp  7.5  s2 


For  t 


2  *n  -  =  fn  — 

o  a  €fp  a 


Neglecting  or 


=  i„  a  =  -Ja.  k 

ic  k2  *  ’V"’  * 

r 


Thus 


R.  a. 

in  or  _  o 

—  =  £  T  * 

O 


(ID 


(12) 


The  attenuation  constant  or  practically  does  not  affect  Z  ,  if  it  is  small, 
hut  it  does  affect  R^.  The  «  in  (12)  Is  the  „  that  obtains  for  the  dipole. 
Ihc  v  tor  the  traveling  wave  antenna  and  for  the  dipole  may  be  different, 

h.cause  of  mutual  coupling,  which  is  different  in  the  two  casts.  c  s  « 

.  _  *  c*  'd  T 

it  ‘.i-veral  dipoles  are  used. 
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<Sg,  1*  the  attenuation  corn  tent  used  for  celculetlon  of  Fj(4,o). 
end  (8)  end  $  ■  o  the  efficiency  ratio  i» 


V 


2  u-pV 


-  2  2  ,  f  v 

4p  coe  (  =■  p) 


With  (7) 


(13) 


♦  ie  the  esivuth  angle  indicating  the  direction  of  ataxiaum  ground -wave 
field  Intensity  of  the  traveling  wave  antenna. 

In  practice  the  folded  dipole  is  often  used.  This  is  a  configuration 
with  three  parallel  half-wave  elements  separated  by  one  or  more  skin  depths 
of  the  soil  in  which  they  are  imbedded.  (Figure  8-9b) .  The  pattern  function 
f^f^o)  and  the  input  resistance  are  both  multiplied  by  a  factor  of  3  in 
this  case,  and  the  ittenuatlon  constant  Is  increased  through  mutual  coupling 
by  a  factor  which  can  be  as  high  as  2  to  3  if  the  spacing  between  wires  is 

less  than  one  ikin  depth.  In  this  case  the  efficiency  value  is 
flQ 

tjj  *  -g2-  »  ,  using  the  appropriate  Oj. 

The  omnidirectional  antennas  will  be  compared  to  an  omnidirectional 
dipole  arrangement  consisting  of  a  pair  of  folded  burled  dlpcles  that  are 
fed  in  quadrature  with  two  cables. 

In  this  case  the  RF  power  is  split  into  two  equal  parts  so  that  the 
resulting  efficiency  ratio. 


This  is  the  efficiency  ratio  of  an  omnidirectional  antenna  compared  to  an 
omnidirectional  dipole  antenna  consisting  of  two  crossed  Z-type  elements 
fed  In  quadrature. 
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6.3.3  The  Single  Horizontal  Insulated  Burled  Straight  Wire,  Center  Fed, 
with  Traveling  Wave  Current  Distribution 

Ve  consider  a  straight  wire  of  length  2b,  terminated  at  both  ends  with 
its  characteristic  Impedance,  and  fed  in  the  center  (Figure  6-10) .  The  current 
distribution  along  the  wire  is  that  of  a  traveling  wave 

I(x)  «  I  e_rlxl  -  1  +  M 

o  o 

wit't  the  propagation  constant  on  the  burled  wire  r  ■  a  +  J0.  a  and  0 

H 

been  calculated  by  Hasserjian  and  Guy  for  the  buried  insulated  wire, 
far  field  pattern  of  the  buried  horizontal  current  element  taking  the 
ence  point  in  the  center  at  the  feed  point,  is  given  (Equation  4)  as 

0«JkEti  riE  -  60  C  I  (x)dx  .nkd 

.  eo  c  io  .Jk  *  co*  ’dx  (i. 


have 

The 

efer- 


with 

d  =  x  coa  f.  cos  ^  »  x  cos  y  ;  omitting  K 
The  far  field  of  the  whole  wire  Is 

DeJk°°  E  =  60  C  I  e  +  ^Hxl  eJkx  COB  * 
°  -b 

=  60  lo  fT(«,c)  , 

where 

f  (♦,€)  =  cc  f  e’(a+  eJkx  cos  ydx 

T  <t>  -b 
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Is  the  pattern  function.  The  pattern  of  the  e-component  or  ♦-component  is 
obtained  by  using  C(  or  C^3  respectively.  Evaluating  the  integral  yields: 
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oH 


+ 


b  -fx  +  j(l-p  cos  y)]  fix 
f  e  P  dx 


b  -[x  +  J(l+p  cos  y)]  $x 
/  e  p  dx 

o 


(15) 


+  2 


[A+jB]  b/2 
A+jB 

[ A+ j  B] b/2 

J 

A+jB1 


sinh  (A+jB) b/2 


sinh  (A+jB) b/2 


F  u  Ab/2  jBb/2 

oH  e  eJ  r  .  .  Ab  Bb  Ab  . 

Thus  ~y  =  - -  [  sinh  y  cos  y  +  j  cosh  y  sin  y  ] 


with 


eAb/2eJBb/2 


v  e  r  .  .  Ab  B^>  Ab  Bb  ■, 

+  — A+ji* —  l 8lnh  y  cos  y  +  J cosh  y  8ln  y  J 


A  +  jB  =  -  [^  +  J  ( 1  -p  cos  y)]0 

A  t  jB1  :  -  [|  +  j(l+p  cos  y)]/3 

cos  y  =  cos  e  cos  ♦  A  =  -  a 


(15a) 


(15b) 
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The  field  pattern  for  various  length*  of  the  antenna  ha*  been  computed, 
using  the  following  data: 


£  = 

10  me 

0  5  0*01  isho/si 

X  =  30  m 
o 

a  * 

0.051 

0  «  0.891 

|  a  0.075 
P 

m 

C 

9.09  st 

p  -  p  -  0.303 

o 


The  I  E  £ | "  patterns  are  plotted  in  Figure  4  and  5  for  total  lengths  2b  of  the 
antenna  of  1,3, 5,7,  and  9  half -antenna -wave lengths: 


2b  *  2m  X 

c 


1  .  £ 
4  ’  4 


b  is  the  length  of  one  side  of  the  antenna, 

Xc  is  fie  wavelength  on  the  antenna  wire. 

The  azimuthal  patterns  are  ®-  ihaped  and  symmetrical  to  the  ♦  *  90°  line. 
The  maximum  field  intensities  and  efficiency  ratios  are  tabulated  below: 
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The  input  resistance  of  the  traveling  wave  antenna  is  2  Zq  in  this  case, 
since  a  balanced  feed  at  the  center  is  used.  The  efficiency  ratio  is  there¬ 
fore  1/2  t?o  using  (13).  It  is  evident  that  the  efficiency  cannot  be  increased 
by  increasing  the  length  of  the  antenna  beyond  3/2  Xc<  Actually  the  efficiency 
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at  a  length  of  1/2  wavelength  is  almost  as  large  as  that  of  the  3/2  wave¬ 
length  antenna.  The  longer  antennas  have  even  smaller  efficiency  than  the 
half-wave  antenna.  A  configuration  which  yields  higher  efficiency  with 
increasing  length  is  the  zig-zag  antenna,  which  is  described  in  the 
following  section. 

The  elevation  patterns  are  shown  in  Figure  6-12.  The  short  antennas  have 
a  semicircular  pattern;  the  longer  antennas  show  some  lobing. 

The  pattern  of  a  long  straight  wire  antenna  (b  =  4A  )  is  shown  in 

c 

Figures  6-13  and  6-14  for  two  cases:  feed  point  on  one  side,  and  center  fed.  The 
center-fed  arrangement  makes  the  pattern  symmetrical  to  the  ♦  -  90°  axis, 
whereas  the  feed  on  one  side  gives  more  field  Intensity  in  the  forward 
direction  than  in  the  backward  direction.  Considerable  lobing  occurs  with 
these  long  wire  antennas 

Cone lu a ion 

Straight  wire  antennas  with  traveling  waves  have  low  efficiency  compared 
to  the  half-wave  standing  wave  dipole.  Long  wire  antennas. have  lower  efficiency 
than  the  shorter  antennas  and  also  have  a  lobing  pattern.  The  input  Impedance 
is  practically  Independent  of  the  frequency,  as  it  is  for  all  traveling  wave 
type  antennas.  The  straight  wire  antenna  is  therefore,  disadvantageous 
compared  tc  other  traveling  wave  antennas. 
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6.3.4  Zig-Zag  Antenna 

The  Baalc  Antenna  Configuration  and  Feed  Arrangement 


In  order  Co  get  a  figure-eight  directional  pattern,  a  number  of  half- 
wave  element*  are  arranged  in  ladder  fashion  yielding  a  zig-zag  array 
(Fx»jr*  6-15).  All  element*  have  the  length  2b  ■  ~  and  are  buried  in  a  hori- 
zontal  position  a  few  feet  in  the  around.  There  are  two  groups  of  el.  oents 
which  are  designated  as  H  and  V  and  are  perpendicular  to  each  other.  To 
obtain  tymnacry  an  even  number  of  V-elementa  and  an  odd  number  of  H-elements 
is  always  used.  The  feed  point  of  the  array  is  in  the  middle  of  the  center 
H-elament.  The  end  elements,  either  H  or  V  as  the  case  may  be,  are  terminated 
with  a  resistor  equal  to  the  characteristic  Impedance  of  the  antenna  wire. 

The  resistor  is  grounded  at  the  other  end.  In  this  manner  a  traveling  wave 
current  distribution  is  obtained  on  the  antenna  and  tha  input  impedance  at 
the  feed  point  la  equal  to  the  characteristic  impedanc*  of  the  antenna  wire. 


Xhi.iau:xgnt.,mLrjLkMUsn 

The  current  on  both  sides  from  ths  fsad  point  dsceys  according  to 

„r  t 

s  ( f  ■  distance  from  feadpolnt)  sines  it  is  assumed  that  there  is  no 
reflection  at  tha  and  points  of  Che  interne  end  therefore  e  traveling  current 
wave  exists.  At  equal  distances  on  both  sides  from  ths  feti  point  the  currents 
srs  identical  in  magnitude,  phase  end  direction.  The  positive  direction  of 
current  flow  is  indicated  on  Figure  6-15, 

Tha  currents  In  ths  center  of  the  H-elements  are 


■Th4b 


nH 


‘oH 


(16) 


n  «  1,2,3 
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where  the  propagation  cone tent  r  ■  a  +  J0;  0 


I  ^  It  the  current  at  the  faed  point  in  the  central  K-elenent,  which  ie 
chosen  as  the  reference  currant.  The  currants  at  the  canters  of  the 
V -elements  are: 


tnr 


x  #-f(8n-l)2b  ml  ^  -r(2n-l)Xc/a 


oH 


oH 


,  '(2n*l)  <*c/2 

‘oH  * 


n  ■  1,2,3 


(17) 


The  Field  Pattern 

The  patterns  generated  bp  the  H-  end  V-elements  are  calculated  separately 
and  then  combined  to  give  the  pattern  of  the  array.  The  axis  of  the  azimuth 
angle  ♦  is  chosen  such  that  it  is  perpendicular  to  the  line  connecting  the 
centers  of  the  elements,  as  indicated  in  Figure  6-15.  The  pattern  function  of 
the  center  element  is  the  ease  as  that  of  the  straight  wire,  as  calculated 
in  Section  3,  Equations  (14)  and  (15); 

EoH  *  °H  XoH  FoH 


The  coordinate  spate*  in  the  present  case  is  rotated  by  45°,  and  the 
following  relation  exists: 


♦  «  4jj  +  45° 

where  is  the  azimuth  angle  with  respect  to  the  H-eleaents. 

Thu*  „  f*  -r|,|  jk*  “•  7k  „ 

ro«  •  ./  *  * 

with  cos  ■  cos  4^  cos  €  ■  cos  (♦  -  45°)  cos  « 

X  X 

and  b  «  ,  since  the  length  of  each  element  is  2b  *  y 
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(18) 


The  integral  FqH  is  given  by  (15)  ..  using 


B=BH*(l-p  cos  7^)0 


B'  *  B'h  =  (1  +  p  cos  y  H)0 


(19) 


Zn  the  seme  manner  Cg  la  given  as 

C|l€  ■  k  cos  *  k  cos  (*  -  45°) 

■  k  sin  c  sin  4^  ■  k  sin  €  sin  ( ♦  -  45°) 

The  field  pattern  of  one  of  the  H-elementa  is 

•Ik  iJ^H 


EnH  =  °H 


nH 


/ 


dx  , 


(20) 


where  the  upper  sign  is  for  the  unprimed  elements  and  the  Lower  for  the 
primed  elements. 


3jj  =  -  ndjj  cos  €  sin  'if  -  x  cos  e  cos  (*  -  45°) 


kDjj  *  -ndH  -  k  x  cos  yH  ;  cos  y^  *  cos  «  cos  (*  -  45  ) 


is  the  distance  between  two  centers  of  elements. 
=  2b  ^2  = 


kdH  cos  e  sin  *  =  *p  cos  c  sin  ♦  ■  0^ 


with  p  =  j  -  r 


“nH 


jn6H  FnH\ 

-nan  /e  \for  unprimed  elements 

Si  IoH  e  Cxl 


FnH j  for  primed  elements 


(21) 
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The  field  pattern  of  the  V-ele»ents  Is  obtained  similarly.  The  pattern 
one  of  the  V>elements  Is 


,b  -I* 

E  -  C  I  fee 
nv  v  nv  ^ 


d* 


(25) 


iere  the  upper  sign  is  for  the  unprlmed  elements,  and  the  lower  sign  for 
«  primed  elements. 


Dv  =  -  (2n-l)  d^  cos  c  sin  ^  ♦  x  cos  e  cos  ( t p  +  45  ) 


kD  =  -  (2n-l)  0  +  k  x  cos  y 

V  V  V 


d»  -T 

kd^  cos  e  sin  ^ 


e 


cos  e  sin  ^  ~  ~ 


(26) 


cos  y  =  cos  c  cos  (  ^  +  45  ) 


C  -  -  k  cos  (^  +  45  ) 


=  k  sin  e  sin  W  +  45  )  (27) 


■(2n-l)a 


/  J(2n-1)9  F 


v  v 


us  E  -  -  C  I  ,,  e 
nv  v  oH 


\ unprlmed  elements 


*j (2n-l)0 


F'  '  primed  elements 


(28) 
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with 


c44  -r*  'Jkx  co*  Vv  „ 

fee  dx 


-X 


c/4 


(29) 


e/4  +jkx  cos  yv 

F '  »  lee  dx 

V  -x  /a 
c/4 


(30) 


The  pattern  of  the  array  of  V-eleoents  is 


(Jy  iJy 

i,  Env  *  2  ^ 

n*l  n»l 


(31) 


2N.  is  the  number  of  the  V-elements 
v 


Ev  -  •  Cv  ’oH 


j  j,-ort!"-1)Vi  r.1(2”-1)9vFvt,-3(2n-1)9vFv,jj 


-  c 


X-?  . 


•a(2n-l)Xc/2 


v  oH 


n»l 


nv 


(32) 


with 


J(2n-1)«  -J(2n-l)e 

G«e  F+e  VF' 

nv  v  v 


(33) 


The  field  pattern  of  the  zig-zag  antenna  with  2N^  K-elements  and  2Ny 
V-elements,  and  one  center  element  in  the  H-direction  (a  total  of 
2(Nh  +  Nj  +  1  elements)  is  the  sum  of  the  individual  element  patterns, 
since  all  patterns  have  been  referred  to  the  same  central  reference  point. 
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-naA 
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nH 


(34) 
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l  [ 


-a(2n-l)x 


c/2 
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nV. 


The  field  intensity  at  distance  D  from  the  center  of  Che  array  is  obtained  as 


E<D  ■  «°-  lM  (,'W 

V  •  »<>■  ,V  ('■*>  <«> 

v 

The  current  at  the  feed  point  is  since  a  balanced  feed  la  uaed, 

V  is  the  symmetrical  voltage  across  the  feed  terminals,  and  Zo  the  characteristic 
impedance  of  each  leg  of  the  antenna;  i.e.,  the  characteristic  impedance  of 
a  single  buried  insulated  antenna  wire. 

The  basic  integral  of  the  straight  wire  element  is 


F  .  fb  ,±Jk*  Coe  y  ixm  f  t(A+JB)x  dx 

-b'  -b 


or 


f  9<W)* dx 


-b 


(30) 


+ 

F 


2 

A+jB 


jsinh  Ab  cos  Bb  +  J  cash  Ab  sin 


F*  is  the  same  expression  using  R" 


instead  of  B- 


(37) 
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A  =  -  nr  ®,|  *  -  (1  ♦  p  cos  Y)P  (38) 

A  +  JB  «  -  j^|  +  j(l  -  p  cos  y)J  P  (39) 

A  +  JB'  ■  -  +  J(1  +  p  cos  y)j  P 

Then 

PnH  *  F+  u#ln*  Y  H  (40) 

PnH’  -  F*  using  y  H 

Fy  ■  F*  using  yy 

Fy'  *  F+  using  yv 

Field  patterns  1^ |  heve  been  computed  using  the  same  date  as  used  for 
the  straight  wire  antenna. 

f  »  10  He  •  30  m  u  o.Ol  mho/m 

a  -  0.051  0  ■  0.691  jf  -  0.075  ;  p  -  0.303 

The  plots  are  shown  on  Figures  9  and  10  for  3  elaments  and  9  elements,  each 
1/2  wavelength  ( X ^ )  long.  The  aslmuthal  pattern  Is  figure-eight  shaped, 
however  there  are  no  sharp  nulls.  The  maximum  radiation  Is  at  ip  •  0,  per¬ 
pendicular  to  the  line  connecting  the  centers  of  the  Individual  elements. 
The  pattern  shap*  does  not  materially  change  as  more  elements  are  added, 
hut  the  field  intensity  increases.  The  elevation  pattern  is  practically 
semicircular.  There  ie  no  labing  in  the  vertical  plane. 
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-  Zog  Antenno  -  Azimuthal  Pattern 
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The  efficiency  ratio  aa  a  function  of  the  number  of  elements  ta  tabulated 
below  and  plottpd  In  Figure  0 » 1  fi . 
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^  balanced  feed  la  used,  there  fore  the  input,  impedance  la  8Xo  and  «()  la 
multiplied  with  12.  The  efficiency  ratio  Increase#  flrat  linearly  with 
the  number  of  element  a  but  teveta  off  aa  the  number  of  element*  ’■  8 
(ace  Figure  4-11),  The  efficiency  la  alwaye  amaLler  than  the  efficiency  of 
an  array  of  standing  vavtt  A  ^  dtpnlea  with  the  aame  number  of  element*, 

s&'&ii'jikii 

The  Z.lg-Z.ay  antenna  ha*  an  aainaithal  pattern  which  la  f Igura-e ight 
ahaped  ami  ayttmet  r  lea  l  to  the  ^  -  »<)"  axis,  The  ahape  ia  eaaentially  in¬ 
dependent  oi  the  number  of  element*,  The  efficiency  increavee  with  the 
numhei  of  element  a,  but  (a  always  lower  than  he  efficiency  of  a  oorreapomling 
Jinny  of  half-wave  dlpnlea  (*’ .onilng  wave)  The  input  impedance  l*  conalant, 
not  depending  on  frequency  nr  number  of  element*  However  the  pattern 
changea  It*  *h*pe  with  f  l  *t|vcrw.y ,  Due  to  the  low  efficiency  the  usefulnea* 
o|  the  Zig-Zag  antenna  la  limited  to  noth  oaaea  w.tere  conatant  Input  Impedance 
I*  of  Importance, 


i»ia 


aa  f  \* 


6.3.5  Rhombic  Antennas 


Rhombic  antennas  in  air  give  a  high-gain  unidirectional  pattern.  The 
pattern  change*  with  frequency,  but  Che  input  impedance  remains  practically 
constant,  so  chat  the  antenna  has  a  wide  bandwidth.  Similar  results  can  be 
obtained  with  a  buried,  horlaontal  rhombic  antenna.  The  theory  of  the  burled 
rhombic  antenna  is  similar  to  that  of  the  rhombic  in  air.  The  difference 
between  the  two  caaea  la  that  the  wavelength  on  the  buried  rhombic  is 
considerably  reduced,  and  that  the  element  pattern  la  changed.  Taking  these 
f  icts  into  connidet  ation  the  theory  of  the  rhombtr  antenna  In  air  can  he 
applied.  The  length  of  the  legs  of  the  burled  rhombic  antenna  will  he  shorter 
according  to  the  wavelength  reduction  factor  p  which  verles  approximately 
from  0.28  to  0.38,  and  the  apex  angle  will  be  different  from  the  air  case. 

Thus  the  overall  length  of  a  buried  rhombic  antenna  will  be  about  1  4  to 
1  3  of  that  In  air.  Considerable  efficiency  Improvement  compared  to  the 
half-wave  dipole  should  be  possible. 


6.3.8  Square  Antenna 


An  omnidirectional  antenna  can  be  obtained  from  a  circular  array  of 
elements  which  ara  fed  with  currents  of  equal  magnitude  and  a  phase  which  is 
proportional  to  the  aslouth  angle  of  the  element  such  that  a  total  phase 
shift  of  360n°  (n«l,2,3)  occurs  between  the  first  and  last  element  on  the 
circle.  This  principle  is  used  to  develop  an  omnidirectional  burled  wire 
antenna  in  the  following  manner. 

An  insulated  cable  is  bent  into  a  circle  and  terminated  at  the  end  with 
a  resistor  equal  to  the  characteristic  impedance  of  the  cable.  The  length 
of  the  cable  (the  perimeter  of  the  circle)  is  made  equal  to  an  integer 
number  of  cable-wavalangthe.  In  thia  manner  a  traveling  wave  on  the  cable 
la  obtained  and  the  phase  shift  between  beginning  end  end  of  the  cable  is  a 
multiple  of  360°.  This  would  produce  omnidirectional  radiation  if  there 
would  be  no  attenuation  on  tha  antenna  cabla.  Generally  there  will  be 
soma  attenuation  on  tha  cable;  if  it  is  sufficiently  email,  than  tha  pattern 
will  still  be  almost  omnidirectional.  This  case  will  ba  treated  in  the 
next  section. 

Instead  of  using  a  circle  one  can  use  a  square  and  obtain  a  similar 
affect,  however  the  departure  from  tha  ideal  omnidirectional  pattern  will 
ba  largsr  than  in  tha  circular  case. 

Feed  Arranxamant  and  Currant  Distribution  on  Square 

The  feed  arrangement  Is  shown  on  Figurs  6-19.  An  unbalanced  feed  from 
a  coax  cabla  is  used.  The  ceble  hee  the  seme  cherecterlstlc  impedance  ae 
the  insulated,  burled  entenne  wire.  The  end  of  the  square  of  wire  is 
edjacsnt  to  the  feed  point  end  is  terminated  with  a  resistor  which  is  also 
equal  to  the  characteristic  impedance  of  the  antenna  wire.  ThuB  a  traveling 
wave  is  produced  on  the  antenna  and  the  input  impedance  at  the  feed  point 
la  also  equal  to  the  cherecterlstlc  impedance  of  the  antenna.  The  total 
length  of  the  entenne  wire  is  equal  to  an  integer  multiple  of  the  entenne 
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wavelength  X^.  Thus  the  phase  shift  along  the  antenna  is  a  multiple  of  360  - 

The  length  of  each  side  jf  the  square  is  2b  *  2mX^ .  The  smallest  length 
of  one  side  of  the  square  is  -j-  =  2b  =  2s*  £  (*  =  1/8)  to  produce  a  total 
phase  shift  of  360°.  The  four  sides  of  the  square  are  designated  a3  V,  V' 
and  H,  HT ,  The  currents  in  the  four  sides  are 


I  *  I  _rb  -  I 
OV  o  oo 


(reference  current) 


(41) 


I.-I  e‘r2b.l  e‘2“*c  e-^» 
oH  oo  oo 
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OV  oo  oo 
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-6ma* 


•oh'  ■  'oo  *  •'"  ■  'oo  •  C 


2b  is  the  length  of  one  aide, 

I  »  current  at  feed  point. 

The  positive  direction  of  the  currents  is  indicated  by  the  arrowa. 


r  »  or  +  -  Propagation  constant;  b  ■  m  Xc:  fi  ■ 

c 

The  Field  Pattern 

The  patterns  of  the  V-element  pair  and  of  the  H-element  pair  are  calcu¬ 
lated  separately  with  reference  to  the  center  of  the  square,  and  then  added 
to  obtain  the  pattern  of  the  square  with  traveling  wave  current  distribution. 

The  field  pattern  of  the  two  V-elements  is 
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r  t  s*1*15  +Jkb  cos  vH 
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D  =  b  cos  £  cos  \1/  -  x  cos  t  sin  lA 
v  T 

=  b  cos  Vu  -  x  cos  y 
n  V 


+b  jkx  cos  yv 
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The  field  of  the  V-element  group  is  than 
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Similarly  the  field  pattern  of  the  two  H-elements  is 
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Th«  field  of  Ch«  H-*l*m*nt  group  i*  th*n 
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Th«  pattern  of  eh*  aquar*  la  Ey  +  : 
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with  r*f*r*nc«  to  th*  current  1  at  th*  center  of  the  firat  element. 
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Th*  Integral*  Fov>  FQV',  FfiH'  «■  th*  baalc  integral*  of  the 

atralght  wire  at  derived  In  the  pravloue  aection 
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b  _  -Jkx  cos  yM 


dx  •  F  using  y 


0  *  • 

v 


H  P  ,#-Wb  Jkb  co*  VH  , 
ov  ov 


Jkb  cos  Y} 

.  .*)kb  c°‘  ..r*  ~  yv  , 


oH 


oH 


(52) 


The  basic  clement  pattern  In  this  case  are 


\t  - k  "in  * 

cv* 

CHt  -  k  cos  ip 

CH* 

(53) 


The  angles  >  and  arc  defined  as 


cos  y  ■«  cos  t  sin  ip 
v 


(54) 


cos  >. 


m 


cos  i  sin  ip 


"Tlf-  V. -  *--^VT  ■■■  -.■-  w 


Th«  field  intensity  ac  distance  0  from  cht  center  of  the  aquare  la 
obtained  aa 


EfD  ■  80  •  00  1„  •"n>  .f.lc.ltf  (55) 

ty>  "  80  ‘oo  .V*'W  '  88  lo  .'*<*•*> 


Tha  current  IQ  la  the  Input  current  at  the  food  point, 
the  center  of  the  flret  element  la  X  •  I  a"1"*’ 

OO  0 

V  la  the  unbalanced  voltage  at  the  frad 


since  an  unbalanced  feed  la  used. 


The  current  X^  at 

OO  y 

The  feed  current  I  »  r- 
o  z0 


point  againat  ground,  and  Z  the  characteristic  impedance  of  the  bulled 

O 

insulated  antenna  wire. 


Field  patterns  of  ff(f»iW  for  K(  have  been  calculated  using  the  aame 
data  aa  for  the  s£ralght^wirs  and  Zig-Zag  antenna.  The  length  of  one  side 
of  tha  aquaro  la  and  ,  so  that  tha  total  phaaa  shift  around  tha  antenna 
la  360°  and  730°,  raapectlvely.  The  ailmuttuu  patterns  are  In  Figure  6-20, 
the  elevation  pattarna  in  Figure  6-21.  The  aaimuthal  pattern  for  the  flret 
case  (■j8,  lid#  length)  la  almost  circular,  the  maximum  and  minimum  valuta 
of  ff  (o ,4>)  being 


•  0.789 

at  ^  - 

80° 

-  0.787 

at  4>  * 

280° 

Avarage 

'.^n, 1 , 

-  0.072 

at  « 

190° 

Mo,*)  -  0.72 

9 

.  0.883 

at  ^  • 

350° 

The  fluctuation  la  0.72  ±  0.048  or  i  0.7  percent. 

Inspecting  the  second  ease  (-r-  aide  length)  shows  that  the  aelmuthal  pattern 
la  no  longer  omnidirectional,  but  very  it  regular,  and  the  Meld  intensities 
are  lower  in  every  direction  than  In  the  case.  This  pattern  in  therefore 
of  no  Interest.  The  aquare  with  a  total  length  of  one  wavelength  A  ,  pro¬ 
ducing  300  total  phase  shift  ia  optimum.  A  similar  result  is  ohtsined  for 
the  circle,  ae  will  be  shown  In  the  following  section. 

2H4 


Antenna  -  Azimuthol  Patterns 


-*'l  d#?^?  F^ttfir? rMtltM-l-* gMMlWH l*V  [ t -i  i is ■  %  n’t  =■<■(  y  *#*«■*.  .wiv"- ^“^ijHViii'll.Wl'f**1  t-.:s' >.'  - 1  ,,'^:  r^-. .  .-■  r,..‘R 


m 


i 


Ibe  efficiency  of  fh#»  one-wav  ]  vro*  t  h  square  will  he  compared  to  that  of 
a  crotwed  t'ol do<l  monopole  pair.  Tlu>  at  tonuat  inn  of  the  square  1  a  y  »  0.076; 
'■'herea#  toe  attenuation  of  the  folded  dipole  i ti  taksn  twice  aa  large;  for  the 
dipole ^  <*Q. 15due  to  mutual  coupling  effect#  which  do  not  ewiat  in  the  square 
where  nil  four  aides  are  Af(  apart,  The  percent  power  loaa  In  the  terminating 
Vos  tutor  ia 


■2fV  A 


(» 


** 


2&k 


-0.  3# 

w  $) 


0.3W1  or  3tt  percent , 


This  energy  can  he  regained  hy  ualng  a  terminating  network  whwl  dovn  not 
uae  «  ruslator.  and  connecting  the  terminal  with  the  feedpolnt  ,  In  thta 
manner  only  the  louse#  along  the  antenna  wire  need  hy  supplied  hy  the  aource, 
The  efficiency  for  the  two  ca»e#  is  a#  follow#! 


With  terminating  reaietor 


*  0.733  a  a. 04  -  0.46  or  46  percent 


Without  terminal  loan 


0.75  or  75  percent, 


Thun  the  effiniency  1#  increased  hy  about  66  percent  If  the  terminal  lna# 

U  eliminated,  Other  way#  of  incrtwialng  the  efficiency  are  dt#cu»#  tl  In  the 
#uctlon  nn  i  hit  circle  antenna, 


Coni:  I  union 

•  IMlWMIM  nnwi  I  > 

Thu  nqujiro  give#  a  good  omnidirectional  MKlmuthal  pattern  If  the  perimeter 
Is  equal  co  one  antenna  wavelength.  The  fluctuation  of  fluid  Intenai ty  on 
t h*c  ground  p’ane  I#  about  >_  7  percent.  The  efficiency  of  thle  antenna  varies 
I  I'um  45  to  75  percent  of  that  of  a  c  roe  wed  folded  dipole  point,  The  higher 
value  in  obtained  when  the  umnlnnl  Ion#  through  a  terminating  rurl«tor  1# 

,ivo  Mud 
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6.4.1  tUrcla  Antenna 


The  feed  arrangement  U  the  name  aa  that  of  the  aquare  (Figure  fl-22). 

An  unbalanced  feed  from  a  cnax  cable  ta  uaod,  The  end  nf  the  circle  of  whe 
la  adjacent  to  the  feed  point  and  la  terminated  with  a  realator  to  produce 
a  traveling  wave.  The  total  length  of  the  antenna  wire  la  equal  to  an  Integer 
multiple  of  the  antenna  wavelength  *{<l  ao  that  the  phaae  nh L ft  along  the 
antenna  La  a  multlpla  of  360'\ 

The  coordinate  ayatem  la  Indicated  on  Figure  (1*32.  The  azimuthal  angle 
la  the  elevation  angle  ia  « .  The  loop  ia  in  a  horizontal  plane,  hurled 

a  few  feet  below  the  ground,  The  feed  point  la  at  ^  *  0,  the  current  flowa 
eounterc lockwlae  around  the  circle.  The  current  at  any  point  on  the  circle 

la 


I  *  ln  e*IV"  1  r  -  >1  *■  Jfl 

The  angle  0  determlnea  the  poaltlan  of  point  on  the  circle.  The  far  field 
from  the  current  element  haa  two  componentai  a  vertical  component  and  a 
hoi  taontal  component  F,^, 

dF(<  ft  *  <10  l«  1(f)  df  e  coa  A  (ttfl) 

dK^  I)  •  -  (10  k  1(f)  df  e*JK,)  aln  4  aln  ♦ 

L)  la  the  dlatance  from  point  1'  on  the  circle  to  the  far  field  point, 

0  la  the  dlatance  from  the  center  of  (he  circle, 

o 

D  «  0  •  r  aln  ( <>-  ,d)  coa  i  . 


The  wire  element  df  »  r  dd 


Tha  ralatlon  batwaan  the  anglaa  A,  ifr,  and  9  la: 


0  »  lj/  ■  j  ;  4  ■  S  *  d  ■  0  +  j 

Thu.  lt  D  a  ( m  Io)  jrf  (6*)  e"1*®  ejltr  C0“  f  r  dd 

0 

■lj>  .  (00k  I  .in  <)  7  tin  (».»)  .-n*  .Jkr  ,l"  '9-»>  «•  ' 

Tha  following  aymbola  art  uaad:  2n  r  *  n  *c  r  •  8  « 


(57) 

rdfl 


A.  -  60  kl  (58) 

l  o 

A.  •  60  k  a  iln  * 

4  0 

n  *  1.2.3  tha  parlmatar  of  tha  clrcl#  1.  an  lntagral  nuwbar  of  wave* 

lanuth.  Xc. 

fr  *  (i*  +  )0)  y  *  (j$  +  J)  n  •  an  +  jn  »  a  +  )n  (59) 

(» 

nn  -  if  n  *  a 

kr  •  -  fir  p  •>  n  p  i 


kr  i  cl  i  ii  i>  i'i'n  i  *■  n<|  * ;  <t  *'  1'  run  * 

:  i  i  i  ■  ),')  r"  •  (jf  »  )  )  Sr'1  (-J  i  | )  n" 


Using  these  symbols  the  Integrals  are 

(6-t)  e-“°  e-3t»0-*  «in(e-*)]  d(, 


A.  n  2ff 

E<D  -  I  cos 


(60) 


2n 


.E((,D  .  A2  jj  f  .in  •l"18-*)] 


dfl 


The  two  integrals  are  similar,  with  the  exception  of  the  cos  (0-0)  and 
sin  (0-0)  terms.  The  E(  component  will  be  evaluated. 

With  a  new  variable  \p  *  (fl  *  0)  -  0  we  get 


A,  n 


a(T r  +  0)  -Jn(ff  +  0) 


Et  “  "0  *  '  ''  e 

.  T*  co.  *  ,ln  d* 

O+rr 


(Cl) 


Tho  Integral  can  be  written  as 


0-n 


0t-ff 


I  e*^  cos  ^  (cos  n^  +  J  sin  n^]  e^P  ,ln  ^ 


.1. 


0*ir 


.  ..  f  r)(n+Uf  +  #.)(n-l)^  #Jt«ln*d^ 

a  o+n 


(62) 


For  the  case  a  «  0 •  the  factor  e  r  *  l  and  the  remaining  integral  In  the 
sum  o i  two  Hesse  1  functions,  iiince 

inn  3*  ;?  u  *in  fi  nfi 


$  (r 

j  (z)  *  — rr-  I  » 

n  2"  -»/a 

TIuih  lor  O  *  -J  and  v  |  we  obtain 


i  d0 


■».  ■  ¥  ^  *"*"•  Iw  *  vi'*' 


(63) 


A,  n 


+  *-'*  —  J  (,! 

"  «  n 
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(84) 


The  magnitude  of  Ef  Is 

|»,  I  *  «0  VJn<*> 

Since  c  ■  np  cos  f  is  independent  of  the  pattern  is  omnidirectional  in 
aslmuth. 

The  case  of  finite  attenuation  is  treated  in  the  Appendix  A.  The 


result  is: 

A.n 

■  -J-  B  (85) 

•  ^  (-Dn  e’Jn(tt+0)  9  Po(Rn  +  j  Sn) 

-3nf  2 

with  Tq  *  *  l  -  4  -  +  ....  (86) 

and  Brn  .*n  +  J8n  (07) 

The  pattern  function  Is 

cf  (*,«)  ■  jf  I  »  npw  e'Jn(f+0)  KQ(Rn  +  JSn)  (50) 


For  the  case  n  «  l,  with  the  perimeter  of  the  clrclo  equal  to  one  wavelength 

A  ,  R.  and  S,  are  given  as 
cl  l 


2  90 


Formula*  (09)  and  (70)  hava  been  numerically  computed,  using  the 
following  parameters 

o  ■  0.01  f  ■  10  me  X  »  30  m 

o 

fi  •  0.69  X  *  9.09  m 

p  "  *  jf  ■  O' 808 

The  Ef  pattam*  ara  plotted  on  Figure*  8*23  and  6*24.  The  asimuthal  pattern  of 
|Kt  |  1*  almost  circular,  with  maximum  fluctuation  of  2.48  *  0.105  or  ±  4.25 
percent.  The  average  field  Intensity  on  the  ground  (*  -  o)  is 

|1€|#  -  lo80  p  2.41  •  90  XQ  x  0.151 

There  are  two  maxima  and  two  minima  of  field  intensity,  which  ara  not  equal: 


♦ 

t  max 

E  min 

40° 

2.37 

140° 

2.58 

230° 

2.40 

310° 

2.50 

n  ■  1 
a  ■  0.051 
f  -  0.075 


The  elevation  pattern  of  |t(|  in  the  i  ■  0  plana  is  practically  semicircular, 
the  maximum  fluctuation  la  2.495  ±  0.015  or  ±  0.6  percent. 

The  imaginary  part  8^  la  always  smsll,  since  all  terms  ara  multiplied 

by  a,  which  is  generally  a  small  quantity  (a  «  1).  The  main  contribution 

to  tha  real  part  R,  is  from  tho  terms  with  J  (s)  and  J.(s),  sine*  thass  ara 
i  0  2 

the  only  terms  which  hav*  a  part  which  is  not  multiplied  by  a. 

For  a  ■  0  w#  have 

*„  ■  Vi<*>  ♦  •  ¥*  v*>  <ii> 
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tk 


Thus  for  small  attenuation  the  field  pattern  for  the  vertical  component  Ef 

is  mainly  determined  by  J  (z).  The  pattern  is  nearly  omnidirectional  in 

n  2n 

azimuth,  independent  of  n,  as  long  n  =  - —  is  an  integer,  since  z  is 

£ 

independent  on  4*. 

The  elevation  pattern  depends  on  n  since 
z  =  k  r  cos  t  =  np  cos  t  is  a  function  of  (. 


=  (-1)°  60  I  2*n  F  J  (np) 
o  o  n  r 

For  cos  c  =  1 
F 

o 


(74) 


This  is  the  same  result  as  was  obtained  for  a  -  0  except  that  the  factor 

F  is  now  added. 

c 
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The  pattern  function  is  therefore 

J  (np  cos  f) 


f  (*,e)  =  2  Jr  n  F 

c  o 


COS  € 


(75) 


Equation  (73)  gives  the  maximum  value  of  field  intensity  E  .  since 


was  neglect'  d. 


the  effect  of  attenuation  on  the  antenna  wire  on  B  =  R 

rn  n 

But  the  formula  is  useiui  to  determine  the  effect  of  the  diameter  of  the 
circle;  i.e.,  the  effect  of  n  and  the  general  effect  of  attenuation  a  =  j  u. 

The  field  Intensity  Et  decreases  as  n  is  increased.  has  its  greatest 

value  for  n  =  1.  The  perimeter  of  the  antenna  is  then  equal  to  one  wave- 

^  c 

length  A  and  the  radius  r  =  r—  . 

c  "  ,  2  an 

L  *6 

The  effect  of  attenuation  i3  mainly  determined  by  Fq  =  — —  • 

This  factor  describes  the  decline  of  field  intensity  with  increasing  attenu¬ 
ation  a.  This  is  due  to  the  fact-  that  the  current  along  the  antenna  decreases 
when  attenuation  Is  present.  For  no  attenuation  (a  =  0)  the  current  remains 

constant  and  F  has  its  maximum  value  F  -  1.  As  a  increases  he  average 
o  o 

current  on  the  antenna  gets  smaller  and  Fq  decreases. 

There  is  another  effect  caused  by  attenuation.  The  energy  which  i& 
dissipated  in  the  terminating  resistor  at  the  end  of  the  antenna  depends  on 
the  attenuation: 

2 


_  _  2_  fT  1  _  2  -4na 

P  =  I  Z  =  I  e  =1  e 

r  r  o  o  o 


This  energy  is  lost  in  the  resistor.  The  higher  the  attenuation  the  lower 
the  lost  power,  because  the  current  in  the  terminating  resistor  is  lower  if 
the  attenuation  Is  high.  Only  the  difference  between  input  and  output  power 
is  used  for  radiation.  This  difference  is 


P  =  P 
A  in 


I  2  z 

o  o 


-  I  2  Zll-e-"'*) 

o  o 
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The  current  corresponding  to  is  then 


and  the  field  intensity  for  this  case  is 


(76) 


(77) 


This  is  a  case  where  no  power  is  lost  at  the  output  of  the  antenna,  so 
that  only  the  power  lost  through  attenuation  along  the  antenna  is  supplied  to 

the  antenna.  In  this  manner  the  field  intensity  can  he  increased  by  the 

1  2 
factor  K  =  ,  and  the  efficiency  is  increased  by  K  .  Following  is 

V‘-e‘4'*,  2 

a  tabulation  of  F  and  K  for  various  values  of  a: 
o 


a 

e 

.  -4as 

1-e 

K2 

Fo* 

_  2*2 
Fo  K 

0.05 

0.  532 

0.468 

2.14 

0.74 

1. 58 

0.075 

C.  389 

0.611 

1.64 

0.64 

1.05 

0.  10 

0.285 

0.715 

1.40 

0.  55 

0.77 

0.  15 

0. 152 

0.848 

1.18 

0.42 

0.492 

0.20 

0.081 

0.919 

1.09 

0.  325 

0.354 

0.25 

0.043 

0.957 

1.04 

0.254 

0.265 

-  4^3 

The  column  e  gives  the  current  at  the  end  of  the  antenna  relative 

2 

to  the  current  at  the  input.  K  indicates  the  possible  increase  in  efficiency 

2 

for  the  no-resistor  case,  and  (FqK)  the  total  field  intensity  factor. 
Practical  cases  for  a  =  g  range  from  about  0.05  to  0.15.  Thus  efficiency 
increases  from  20  percent  to  over  100  percent  are  possible.  It  is  also 
evident  that  the  increase  in  efficiency  becomes  verv  small  when  a  >  0.15, 
so  chat  the  no-resistor  method  is  not  longer  worthwhile. 

Another  method  to  increase  the  efficiency  is  to  use  multiple  turn 
loops.  In  order  to  keep  all  the  turns  in  the  same  horizontal  plane  a  spiral 
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X 

can  b<;  employed.  Using  N  turns  of  approximately  equal  diameter  (d  =  ) 

the  field  intensity  is 


E  D  t*  60 


2s  I  J, (p)  F  1 
o  i  °  L 


-2as  -4as  -6as  -2as(N-l) 

+  e  +.  t  .  +e 


1  -e 


-2saN 


=  120  rr  I  J,(p)  F  . 

o  1  o  t  -2** 

1  -e 


=  120  if  I  J,(p)F  X 

o  1  o 


For  example,  with  a  =  0.075  and  N  =  4  the  field  improvement  factor 
-0.6s 


x  ,  -1-6 


1  -e 


-0.15s 


.85 

.375 


2,26 


(79) 


and  in  the  limiting  case  N  —  ao 


X 


1 

.  -0.15s 

1-e 


2.68 


However  if  the  turns  are  close  together  the  attenuation  will  increase 

through  mutual  coupling  between  the  turns.  If  the  separation  between  the 

turns  is  one  skin  depth  then  the  attenuation  is  approximately  doubled.  The 

following  table  lists  the  efficiency  improvement,  which  is  proportional  to 

(F  x)2.  for  N  =  1,2,4,  for  a  =  0.075  and  a  =  0.15 
o 


a 

F 

o 

X 

(FoX)2 

X 

2  ! 

<FoX) 

X 

(FoX)2 

0.075 

0.8 

1 

0.64 

1.62 

1.66 

2.26 

3.27 

0.15 

0.648 

1 

0.42 

1.39 

0.81 

1.6 

1.08 

N 

=  1 

N  = 

2 

N  = 

1 

4 

This  shows  that  the  relative  efficiency  improvement  when  using  2  or  4  turns 

with  a  =  0.15  compared  to  the  efficiency  of  one  turn  and  half  the  attenuation 
0  81  1  08 

(a  -  .075)  is  q  =  1.26  and  ^  ■gj  =  1.69  respectively.  The  efficiency 

ratio  in  this  case  is,  according  to  (13)  and  (8), 


2  ,  »d  lfT'V°>|Z 

1  T|fd(«.o)|2 


(80) 
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2d  tt 

where  fd(d,o)  =  — hr  cos  (j  P) 

1  *P 

X 

c 

Using  the  typical  data  (same  data  as  before)  p  -  J”  -  0.303  we  obtain 

o 

f  ,  ( o ,  o )  ^  0.593 

d 

A  typical  value  of  for  a  single  wire  is  0.075.  For  the  folded  dipole 

with  a  separation  between  wires  of  one  skin  depth  the  attenuation  is  doubled: 

3—  =  2  x  0-075  =  0-15.  Thus  the  efficiency  ratio  is 

P 

V?  -  f  *  -  f  (0  ,0)  |  2  =  0.893  f-(0  0)  2 

2  3  0.5932  T  m  !  T  m 

The  average  value  of  ground  field  intensity  of  the  circle  antenna 
for  a  =  j  =  0.075  and  p  =  0.303  is 

I E  I  =  60  I  x  0.751 

'to  o 

Thus  !  f(^  ,0) I  =  0-751  and 

!  c  av  1 

rj  -  0.893  x  0.7512  =  0.5 

0 

If  the  antenna  Is  fed  from  both  ends,  so  that  the  resistor  loss  is  avoided, 

2 

the  efficiency  is  improved  by  1.64  (see  table  page  58,  K  =  1.64  Cor  a  =  0.075) 
the  efficiency  ratio  is  then 

5  x  1.64  =  0.82 

Conclusion 

The  circle  of  one  wavelength  perimeter  is  superior  to  the  square 
antenna  of  the  same  perimeter.  The  azimuthal  pattern  of  the  field  Intensity 
on  the  ground  has  a  fluctuation  of  +_  4.25  percent.  The  efficiency  of  the 
circle  antenna  varies  from  50  percent  to  82  percent  of  that  of  a  crossed 
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folded  dipole  pair,  the  higher  value  corresponds  to  the  case  cf  no  loss  In 
the  terminal  resistor.  By  using  more  than  one  turn  the  efficiency  ratio 
can  be  further  Increased  to  an  amount  about  equal  of  that  of  a  folded 
dipole  pair. 
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6.3.8  Field  Pattern  of  Circular  Antenna  with  Finite  Attenuation 


The  integral  (62)  in  Section  6.3.7  for  the  case  of  finite  attenuation  is 
split  into  four  parts. 


The  Ef  field  component  is  given  as 

E(D  =  ^  .-<*  *  *>  *  ®V  - 


1  (  ^  f  aip  .  , .  ,  Jz  sin  4' 

=  1  1  J  *  cos  (n_1) ^  e 
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r  '  0 
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0-j r 
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+  I  eal ^  sin  (n-l)i^  e^2  s^n  ^  d!^| 


0-55 

aw  .  .  ...  iz  sin  w  . . 

0+55  f 

These  integrals  are  expanded  with  the  use  of  the  Jacobi-Anger  formula: 

ejz  sini^  =  j  (z)  +  2  ^  J_  (z)  cos  2m  4/ 

o  i  zm 

m=l 


00 

+  J  2  I  J2m-l(z)  Sin  (2tn_1)  *  (A-3) 

m=l 

Evaluation  of  these  integrals  give  the  following  result: 
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R  and  S  are  as  follows: 
n  n 


The  real  part  of  (— ■—  )  is 
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SECTION  7 


SUMMARY  OF  ADDITIONAL  HF  ANTENNA  CHARACTERISTICS 

7.1  LETTER-RACK  FLUSH  SLOT  ARRAY 

18 

Two  configurations  were  studied  for  the  letter-rack  flush  slot  array  -- 
one  consisting  of  an  open  pit  structure  which  would  serve  as  a  debris  pit  and 
the  second  technique  involved  the  embedding  of  the  complete  array  in  asphaltic 
concrete. 

A  summary  of  the  antenna  characteristics  together  with  antenna  con¬ 
figuration  and  design  parameters  ft,  m. 

a)  Configuration  -  See  Figv.'->7-l  and  7-2  for  10-20  Me  array. 

b)  Bandwidth  -  No  tuning  •*  15  percent. 

c)  Useful  Frequency  Range  -.—2:1  for  a  5-slot  array. 

d)  Efficiency  n  -  At  any  particular  midband  frequency,  anticipated 

efficiency  will  be  that  of  the  linear  slot  antenna 
(midband  frequency  is  point  at  which  single  slot  in 
array  is  optimized) . 

e)  Radiation  Pattern  -  Directional ,  same  as  linear  slot. 

f)  Directivity,  D  >  1.76  db  compared  to  an  isotropic  antenna  above 

perfect  ground  at  midband  frequency. 

g)  Gain  =  nD,  >  1.35  or  1.3  db. 

h)  Hardness  - 

(1)  When  embedded  in  asphaltic  concrete,  antenna 
carries  a  hardness  rating  of  class  D. 

(2)  For  open  pit  structure  serving  as  a  debris  pit, 
hardness  rating  is  class  A. 

i)  Cost* 

( l)  When  embedded  in  asphaltic  concrete,  a  slot 
array  in  9-16  Me  (or  —10-20  Me)  region  would 
cost  approximately  $43,000;  in  the  16-23  Me 

‘Cost  figures  in  this  section  are  "best  estimates"  at  this  time 
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Figure  7-1.  Configuration  for  Letter  Rock  Flu*h  Slot  Array 
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Figure  7-2.  Dejign  Data  for  Letter  Rock  Flush  Slot  Arroy 


region  cost  estimate*  are  $28,000;  and  from 
23-30  Me,  the  5-slot  array  cost  estimates  are 
$17,000. 

(2)  For  open  pit  structure,  a  5-slot  array  in  the 
9-iO  Kc  (or —  10-20  nc>  region  vould  cojr 
$155,000  due  to  the  elaborate  foundation  and 
construction  costs;  in  the  16-23  Me  region 
coat  estimate  is  $85,000;  in  the  23-30  Me  region 
cost  estimate  is  $54,000. 

J)  Effect*  of  Debris  -  Same  as  the  linear  slot  antenna. 

k)  Polarization  -  Vertical  on  the  ground. 

l)  Advantages  -  Same  as  those  of  the  linear  slot. 

m)  Disadvantages  - 

(1)  For  the  structure  embedded  in  asphaltic  con¬ 
crete.  Debris  will  not  allow  operation  at  the 
computed  high  efficiency. 

(2)  Open  pit  structure  represents  a  costly  antenna 
of  very  low  hardness  rating  and  does  not  appear 
to  be  a  premising  configuration  in  the  HF  band. 

n)  Areas  Requiring  Further  Investigation  - 

( 1)  Optimum  techniques  for  feeding  the  individual 
slots  in  the  array. 

(2)  Optimization  of  array  parameters  for  maximum 
bandwidth,  and  their  effects  on  antenna 
efficiency  and  directivity. 

o)  Further  Comments  on  the  Open  Pit  Structure  -  There  appear  to  be 

two  practical  ways  of  constructing  this  antenna. 
Technique  No.  1  Involves  a  rather  large  foun¬ 
dation  and  the  stretching  of  a  series  of  cables 
to  make  up  the  cavities  for  the  radiating 
elements.  Under  high  thermal  loading  fresn  a 
nuclear  blast,  these  cable3  will  yield  and 
stretch.  An  initial  tension  must  be  applied 
to  the  cables  of  such  magnitude  that  after 
thermal  loading  there  will  still  be  enough 
residual  tension  to  keep  the  cables  from  sagging 
excessively.  The  ability  of  providing  reason¬ 
able  assurance  that  the  cables  will  have 
adequate  residual  tension  will  severely  limit 
the  over-pressure  rating  of  this  antenna  to 
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class  A.  Foundation  coats  (exclusive  of  cables, 
pref enaitiiilng  devices,  etc.)  would  probably  be  in 
the  order  of  $100,000  in  10-20  Me  range. 

The  additional  costs  of  the  cables  and  thermal 
f?-  t1*-  cables  is  estimated  to  be 
$55,000  bringing  the  total  cost  of  a  5-slot  letter- 
rack  antenna  ( in  the  10-20  Me  range)  to  approximately 
$155,000. 

Technique  No.  2  utilizes  a  series  of  concrete  walls 
with  steel  surfaces  (together  with  a  peripheral 
foundation)  to  make  up  the  cavities  of  the  letter- 
rack  arrangement.  This  type  of  structure  carries  a 
hardness  rating  of  class  A  and  is  limited  by  the 
failure  of  the  concrete  walls  separating  the  slots 
in  the  array  due  to  cantlliver  action.  Foundation 
costs  alone  for  a  5 -slot  array  in  the  10-20  Me 
region  would  probably  be  in  the  order  of  $167,000. 
Based  upon  our  preliminary  investigation  of  the 
open -pit  letter-rack  antenna,  it  is  our  opinion  that 
such  a  configuration  is  not  practical  in  the  HF 
band.  The  letter-rack  antenna,  when  embedded  in 
asphaltic  concrete,  represents  a  hardened  antenna 
in  class  D.  Its  electrical  performance  in  asphaltic 
concrete  can  be  predicted  frop  the  performance  of  a 
single  linear  slot  (since  a  letter-rack  antenna 
consists  of  an  array  of  linear  slots)  which  was  dis¬ 
cussed  in  an  earlier  section. 


7.2  LOG  PERIODIC  STRUCTURES 

The  log  periodic  monopole  (LCT4)  array  was  found  to  be  applicable  as  a 
hardened  antenna  (class  B)  from  12-30  Me.  The  basic  limitation  of  this 
particular  structure  is  the  neight  of  the  longest  monopole  in  the  array, 
which  at  12  Me  would  be  approximately  20  feet  high.  Increased  hardness 
ratings  (class  C)  can  be  achieved  for  arrays  designed  in  the  25*30  Me  band. 
Typical  configurations  are  shown  in  Figure  7-3  and  7-4.  A  dielectric  sleeve 
3  feet  high  is  shown  at  the  base  of  each  monopole  to  minimize  the  effect  of 
debris  loading  on  the  performance  of  the  LFM  array. 

Appendix  D  contains  a  detailed  discussion  of  the  Log  Periodic  Monopole 
array  together  with  the  necessary  curve  used  to  design  a  particular  array. 

A  summary  of  the  significant  characteristics  is  given  below. 
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For  Vertical  Monopoleg  in  Air  - 

(a)  Configuration  -  see  Figures  7-3  and  7-4. 

(b)  Bandwidth  -  From  hardness  consideration,  the  limit  on  this 

type  of  antenna  is  12-30  Me  for  a  hardness  rating 
or  ti  and  from  25-30  Me,  hardness  rating  C  is  pos¬ 
sible  . 

(c)  Efficiency  -  ~75-80  percent  for  individual  elements. 

(d)  Radiation  Pattern  -  Main  lobe  of  beam.  E-plane  30°,  H-plane  60°. 

( e)  Gain  -  #*8  db. 

(f)  Hardness  -  12-30  Me  design  -  class  B 

25-30  Me  design  -  class  C 

(g)  Cost  -  12-30  Me  (8  element)  -  $130,400 

25-30  Me  (5  element)  -  $57,900 

(h)  Polarisation  -  Vertical  on  the  ground. 

( i)  Effects  of  Debris  -  Smell  at  the  low  end  of  band,  and  high 

in  vicinity  of  30  Me  where  the  short  4'  monopolea 
would  be  covered  with  debris. 

(J)  Advantages  of  LP  Structure  in  Air  - 

(1)  High  efficiency  and  broad  band  operation. 

(2)  Debris  effects  appear  to  be  low  at  12  Me  and 
more  severe  at  30  Me. 

<k)  Disadvantages  of  LP  Structure  in  Air  - 

(1)  Represents  an  antenna  of  low  hardness  rating, 
class  B,  C. 

(2)  Cost  of  structure  is  very  high  compared  to 
hardness  rating. 


7.3  OTHER  CONFIGURATIONS 

The  characteristics  of  five  additional  antenna  techniques  --  the  Surface 
Wave  types,  Hula  Hoop,  Spherical,  Prolate  Spherical, and  Helical  antennas  which 
appeared  to  have  less  desirable  properties  as  hardened  HF  antennas  such  S3 
size,  low  hardness  rating,  and  poor  cost  to  performance  ratios  are  discussed  in 
Appendix  E. 
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